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There’s a big dark town
it’s a place I’ve found
there’s a world going on
underground.
- Tom Waits, Underground, 1983

General Introduction
SSU ribosomal DNA-based monitoring of nematode assemblages reveals 
GLVWLQFWVHDVRQDOÁXFWXDWLRQVZLWKLQHYROXWLRQDU\KHWHURJHQHRXVIHHGLQJ
guilds
Selective alteration of soil food web components by invasive Giant gold-
enrod (Solidago gigantea) in two distinct habitat types
5HOHDVHRILVRWKLRF\DQDWHVGRHVQRWH[SODLQWKHHͿHFWVRIELRIXPLJDWLRQ
with Indian mustard cultivars on nematode assemblages
In comparison to its parental line and four other conventional cultivars, 
*0ZD[\VWDUFKSRWDWRKDVQRGLVWLQFWGHWHFWDEOHHͿHFWRIWKHVRLOIRRG


































Soil biota: diverse and important
Soil is of vital importance for our existence. It is essential for, among others, food production, 
ZDWHUSXULÀFDWLRQDQGFDUERQF\FOLQJ/HVVNQRZQLVWKHIDFWWKDWDQLPPHQVHGLYHUVLW\RI
soil organisms plays a key role in allowing soil to perform these functions. It takes just a stroll 
WKURXJKDQDWXUHUHVHUYHDQGDFRUQÀHOGWRJHWDQLGHDRIWKHGLͿHUHQFHVLQELRGLYHUVLW\RI
plants and animals aboveground, but how would you assess the diversity of the invisible life 
below your feet? 
Simply taking a scoop of soil in your hands will allow you to feel its structure, moistness and 
estimate its organic matter content, but little divulges the immense biodiversity of organisms 
residing in it. In fact, in most terrestrial systems, the largest fraction of the diversity of organ-
isms can be found belowground (Wardle and Giller, 1996). Soil biota not only consist of the 
generally known earthworms and ants, but also for instance tardigrades, collembolans, mites, 
protozoa, nematodes, fungi, as well as thousands of bacteria species (Brussaard et al., 1997). 
This diversity is unsurprising considering the high heterogeneity of niches, provided in soil 





 “…if a fallen bough be examined, a heap of moss shaken over a pocket-handkerchief, or any long 
KHUEDJHVZHSWZLWKDKDQGQHWWKHQDWXUDOLVWZLOOQRWIDLOWRÀQGWRJHWKHUZLWKQXPHURXVEHHWOHVÁLHV
and other insects, certain delicate, hexapod, active little creatures…”
(Fragment from Collembola and Thysanura by Sir John Lubbock, 1873)
“(YHQRQWKHVDPHÀHOGZRUPVDUHPXFKPRUHIUHTXHQWLQVRPHSODFHVWKDQLQRWKHUVZLWKRXWDQ\
YLVLEOHGLͿHUHQFHLQWKHQDWXUHRIWKHVRLO.” 
(Fragment from: The Formation of Vegetable Mould: Through the Action of Worms by 
Charles Darwin, 1881)
6XEVHTXHQWO\PRVWVWXGLHVLQYROYLQJVRLOELRGLYHUVLW\ZHUHFRQGXFWHGIURPDSODQWSDWKR-
logical perspective. However, from the 1970s onwards, the important role of soil biota in vital 
ecosystem processes (e.g. decomposition, nutrient cycling, water remediation etc.) became 
more and more apparent (Wall and Moore, 1999, Powell, 2007, Brussaard et al., 1997). Before 
WKHGLVFRYHU\RI'1$DQGWKHGHYHORSPHQWRIPROHFXODUWHFKQLTXHVWKHLQDELOLW\WRFXOWXUH
and identify a large part of all soil organisms restricted the knowledge of the actual diversity 
in soil (Fitter et al., 2005). By having these tools at our disposal, we are able to make better 
estimations of the virtually inconceivable diversity of soil life. 
Although the diversity, abundance and importance of soil biota have become clearer over 
time, the exact roles of most species in soil functioning have not (Fitter et al., 2005). Soil is still 
often referred to as the black box, not only because of the diversity of its inhabitants, but also 
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due to the complexity of the interacting processes that take place in it (Cortois and de Deyn, 2012, 
$QGUpQHWDO$VVRLOIXQFWLRQLQJOLHVDWWKHEDVHRIRXUGDLO\QHHGVZHUHTXLUHDEHWWHU
understanding of the dynamics and functional diversity of key players in soil processes. This 
ZLOODOORZXVWREHWWHUDVVHVVWKHFRQVHTXHQFHVRIKXPDQGLVWXUEDQFHe.g. intense agriculture, 
forest disturbance), invasive species, climate change, and will help shape future management 
(Wall and Moore, 1999). 
The soil food web and environmental indicators
Similar as for aboveground ecosystems, the soil ecosystem runs on nutrients provided by pri-
mary producers, i.e. plants. Nutrients can enter the soil system directly via plant roots (living 
plant material) but also, for the largest part, as detritus i.e. dead organic material (Cyr and Pace, 




energy by feeding upon the adjacent trophic level, which is nearer to the energy source (Hairston 
-UDQG+DLUVWRQ6U7KHÀUVWWURSKLFOHYHO7/RIWKHVRLOIRRGZHEFRQWDLQVRUJDQLVPV
feeding on living plant material (e.g. plant parasitic nematodes), as well as saprotrophic fun-
gi and bacteria, the so-called primary decomposers, which are able to break down detritus. 
The second level (TL2) consists of the secondary decomposers (e.g. nematodes, collembolans, 
DPRHEDHÁDJHOODWHVDQGPLWHVZKLFKIHHGXSRQIXQJLDQGEDFWHULDDQGDUHWKHPVHOYHVLQ
turn eaten by predaceous soil organisms (e.g. predaceous nematodes, mites or collembolans), 
which are at the highest trophic level of the food web (TL3). The presence of higher trophic 
OHYHOVLQWKHVRLOIRRGZHELVQHFHVVDU\IRUQXWULHQWF\FOLQJVLQFHIXQJLDQGEDFWHULDLQWKHÀUVW
layer, partially retain nutrients for their own metabolism and growth. For instance, soil biota 
from higher trophic levels generally contribute around 30-40% of total nitrogen mineralization 
in soil (Verhoef and Brussaard, 1990).
Because of the soil food web’s mayor role in soil functioning, it can provide us with in-
formation on soil functions; such as decomposition, nutrient cycling, primary production or 
GLVHDVHVXSSUHVVLRQDQGRQWKHVWDWXVRIWKHVRLOVXFKDVWKHHͿHFWVRIDJULFXOWXUDOSUDFWLFHV
or its state of succession (Wurst et al., 2012, Holtkamp et al., 2008, De Deyn et al., 2003, van 
Capelle et al., 2012, Mulder et al., 2003). To obtain information, it would be ideal if we could 
PHDVXUHDOOWKHGLͿHUHQWFRPSRQHQWVRIDVRLOIRRGZHE+RZHYHUDVLOOXVWUDWHGLQWKHODVW
paragraph, the diversity of organisms in soil is immense and their interactions, with each 
RWKHUDQGZLWKDELRWLFIDFWRUVLQWURGXFHDKLJKGHJUHHRIFRPSOH[LW\7RDFTXLUHGDWDRQWKH
soil food web and soil processes in a more feasible way, indicator groups are often selected. 
6RLOIDXQDOFRPPXQLWLHVIURP7/DQG7/DUHIUHTXHQWO\XVHGDVLQGLFDWRUVIRUVRLOVWDWXV
1RWRQO\EHFDXVHWKH\UHÁHFWWKHVWDWHRIWKHLUIRRGVRXUFHV7/DQGRU7/EXWDOVREHFDXVH
they have longer generation times (days to years) than soil microbes (hours to days), making 
them a more stable group to monitor (Neher, 2001). So far, regularly used indicators include 
collembolans (Kopeszki, 1997), arthropods (Van Straalen, 1998), mites (Gormsen et al., 2006) 
and nematodes (Neher, 2001).
12
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Nematodes as environmental indicators
Nematodes are small (mostly between 0.2-2.5 mm in length), worm-shaped animals that taken 
together constitute the phylum Nematoda. This phylum, which is thought to have arisen during 
WKH&DPEULDQH[SORVLRQPLOOLRQ\HDUVDJREHORQJVWRWKHVXSHUSK\OXP(FG\VR]RD
that encompasses all moulting animals (Aguinaldo et al., 1997). Nematodes are present in 
terrestrial systems, but also in freshwater and marine habitats (Bongers and Ferris, 1999). Next 
WRWKHLUXELTXLW\QHPDWRGHVDUHDEXQGDQWDQGFDQUHDFKGHQVLWLHVRIXSWRPLOOLRQVSHUVTXDUH
PHWHULQVRLOUHVLGLQJLQSODQWURRWVRUWKHZDWHUÀOPVDWWDFKHGWRVRLOSDUWLFOHV3ODWW
Due to their abundance and size, nematodes are easily extractable from soil, when compared to 
for instance fungi and bacteria. The phylum Nematoda encompasses a high trophic diversity; 
nematodes may feed upon bacteria, fungi, protozoa, algae, other nematodes or in the case of 
omnivores on a combination of the aforementioned, or they may be facultative or obligate plant 
or animal parasites (Yeates, 1993). Due to this diversity in feeding habits, nematodes can be 
found at all three levels of the soil food web (Ferris et al., 2001). 
1H[WWRWKHLUFHQWUDOUROHLQWKHVRLOIRRGZHEDQGHDV\H[WUDFWDELOLW\WKHGLͿHUHQWLDOUH-
sponsiveness amongst nematode taxa to disturbances makes them a suitable indicator group 
IRUWKHVWDWXVRIVRLO1HKHU0XOWLSOHVWXGLHVKDYHVKRZQWKDWQHPDWRGHWD[DDUHGLͿHU-
Figure 1. An example of a soil food web presented as a diagram (Holtkamp et al., 2008) in which trophic 
connections are indicated by the arrows (arrows are pointed towards the consumers). TL: trophic layer, 




entially sensitive to stressors such as desiccation, toxic compounds, heavy metals (Nagy, 2009) 
and agricultural practices such as tillage or the application of fertilisers (e.g. Fiscus and Neher, 
2002, Ferris and Bongers, 2006). In short, it is the combination of the functional and taxonom-
ic diversity within this phylum that makes it so suitable as an indicator (Ferris and Bongers, 
%DVHGRQWKLVVHYHUDOQHPDWRGHVSHFLÀFFRPPXQLW\LQGLFHVKDYHEHHQGHYHORSHGRYHU
time. The use of community indices can facilitate the interpretation of elaborate data sets, by 
condensing information into a single or several variables. 
$QLPSRUWDQWVWHSWRZDUGVWKHGHYHORSPHQWRILQGLFHVVSHFLÀFIRUQHPDWRGHFRPPXQL-
ties has been the assignment of a so-called colonizer-persister value (cpYDOXHWRGLͿHUHQW
QHPDWRGHIDPLOLHV%RQJHUVDQG)HUULV,QWKLVFODVVLÀFDWLRQUDQNLQJIURPIDPLOLHV
within the same cp-class share similar life strategy characteristics such as life cycle length, the 
number and size of their eggs and the size of their gonads. Families that are the least sensitive 
WRGLVWXUEDQFHDUHDVVLJQHGWKHORZHVWYDOXHVDQGDUHGHÀQHGDVFRORQL]HUVUVWUDWHJLVWV
Typically, these are small bacterivorous nematodes with a short generation time and the ability 
WRSURGXFHODUJHQXPEHUVRIRͿVSULQJ$WWKHRWKHUHQGRIWKHVFDOHDUHWKHSHUVLVWHUV
(K-strategistst); sensitive to disturbance, usually large and often predators or omnivores with 
DORQJJHQHUDWLRQWLPHDQGORZQXPEHUVRIRͿVSULQJ%DVHGXSRQWKLVcpFODVVLÀFDWLRQWKH
VRFDOOHG0DWXULW\,QGH[0,RQHRIWKHPRVWIUHTXHQWO\XVHGQHPDWRGHLQGLFHVFDQEHFDO-
FXODWHG%RQJHUV7KH0,LVH[SUHVVHGDVWKHPHDQIUHTXHQF\RIWKHcp-classes found in 
DVDPSOHDQGLQUHÁHFWVLQWKLVZD\WKHGHJUHHRIGLVWXUEDQFHRIWKHFRPPXQLW\RULQRWKHU
words, the state of ecological succession. 
2YHUWLPHVHYHUDOQHPDWRGHLQGLFHVZHUHGHYHORSHGIRUGLͿHUHQWSXUSRVHVDQGWKHH[LVWLQJ
LQGLFHVUHÀQHG)HUULVDQG%RQJHUV6LPLODUWRWKHPDWXULW\LQGH[WKHVHLQGH[HVIRFXV
on the inferred ecosystems functions portrayed by the community rather than its structure. 
Based on this principle, nematode taxa were categorized into so-called functional guilds. In 
these guilds, both the life strategy (cpFODVVLÀFDWLRQDVZHOODVWKHIHHGLQJKDELWDOVRUHIHUUHG
WRDVWURSKLFJURXSRIDWD[RQLVLQFRUSRUDWHG%RQJHUVDQG%RQJHUV([DPSOHVQHP-
DWRGHVSHFLÀFLQGLFHVEDVHGRQWKLVIXQFWLRQDOJXLOGGLYLVLRQDUHWKH(QULFKPHQW,QGH[(,
and the Structure index (SI), which include a weighting of functional guilds based on their 
indicative value for enrichment or the food web structure, and the Channel Index (CI), which 
GLVWLQJXLVKHVEHWZHHQWKHHQHUJ\ÁRZWKURXJKWKHEDFWHULDODQGWKHIXQJDOGHFRPSRVLWLRQ
channels based on the relative abundance of fungivorous and bacterivorous nematodes (Ferris 
and Bongers, 2009). 
Exploitation of a SSU rDNA framework for nematode identi!cation
Nematodes are morphologically highly conserved. From an evolutionary perspective one might 





their ability to identify certain species depends on the life stage or sex of the present individ-




light microscope.  In general, a subsample of around 150 individuals (of typically around 
LQGLYLGXDOVLQDVDPSOHLVLGHQWLÀHGZKLFKFDQWDNHDQH[SHUWXSWRVHYHUDOKRXUVe.g. 
Sánchez-Moreno et al., 2006, Ferris et al., 1996, Yeates et al., 2000, Boutsis et al., 2011). In the 
PHDQWLPHWKHQXPEHURIH[SHUWVZLWKWKHDELOLW\WRSHUIRUPWKHLGHQWLÀFDWLRQLVGHFOLQLQJ
rapidly over the years (Coomans, 2002). In a way, this phylum’s major asset as an environ-
mental indicator, i.e. its diversity, is at the same time its pitfall; making nematode community 
analysis time-consuming and dependent on the availability of the necessary expertise. It is 
WKHUHIRUHQRWVXUSULVLQJWRVHHWKDWWKHXVHRIPROHFXODUWHFKQLTXHVIRUWKHLGHQWLÀFDWLRQDQG





form of resolution and variability. Because the type of information a gene provides is related 
WRWKHUDWHDWZKLFKDJHQHHYROYHVQRWHYHU\JHQHLVHTXDOO\VXLWDEOHIRUDFHUWDLQSXUSRVH
For nematodes, the small subunit ribosomal DNA (SSU rDNA) gene has been often used in 
the past for resolving both deep as well as shallow phylogenetic relationships (Blaxter et al., 
1998, Aleshin et al., 1998, Holterman et al., 2006, Van Megen et al., 2009). The SSU rDNA gene 
codes for SSU rRNA (18S), a part of the ribosomal RNA, and is essential for protein synthesis. 
Because of its vital importance, the SSU rDNA gene is highly conserved in most animals. Nev-
ertheless, in nematodes, the substitution rate of the SSU rDNA is relatively variable and can 








LGHQWLÀFDWLRQDWGLͿHUHQWWD[RQRPLFUHVROXWLRQVe.g. Floyd et al., 2002, Holterman et al., 2008, 




nematodes. This development has the potential to lift the practical constraints of nematode 
LGHQWLÀFDWLRQDQGDOORZVIRUWKHODUJHVFDOHH[SORLWDWLRQRIWKHQHPDWRGHFRPPXQLW\DVDQ
environmental indicator. 
Outline of this thesis










that the production of elaborate datasets, facilitated by a molecular approach, can lead to new 
insights in nematode ecology and evolution. 
In Chapter 3WKHHͿHFWRIDQDJULFXOWXUDOPDQDJHPHQWSUDFWLFHUHIHUUHGWRDVELRIXPLJDWLRQ
was determined for the nematode community. Biofumigation is a pest control management 
measure, which entails the incorporation of brassicaceous plant material resulting in the re-
OHDVHRIQDWXUDOJHQHUDOELRFLGDOFRPSRXQGVLQWRVRLO$OWKRXJKVWURQJHͿHFWVZHUHREVHUYHG
DIWHULQFRUSRUDWLRQRIGLͿHUHQWBrassica juncea cultivars, no relationship was observed between 
WKHFRQFHQWUDWLRQVRIWKHFRPSRXQGVLQFRUSRUDWHGLQWRWKHVRLODQGWKHUHVSRQVHRIGLͿHUHQW
nematode taxa, including the plant parasites. The results suggest that, at least for the cultivars 
XVHGLQWKLVVWXG\REVHUYHGHͿHFWVRQWKHQHPDWRGHFRPPXQLW\ZHUHUHODWHGWRDFRPELQDWLRQ
of tillage and green manuring.
In Chapter 4, the results of a study concerning the belowground impact of an invasive 
plant species, Solidago gigantea are presented. Impact was assessed by comparing the vege-
tation characteristics and soil characteristics of invaded plots (i.e. pH, soil moisture content, 
fungal biomass and the densities of several nematode taxa) to those of uninvaded plots in 
two contrasting habitat types, riparian and semi-natural grasslands. A habitat-independent 
VLJQLÀFDQWLQFUHDVHRIIXQJDOELRPDVVZDVREVHUYHGDVZHOODVDV\VWHPDWLFLQFUHDVHRIRQHRXW
of the three monitored fungivorous nematode taxa. The results of this study indicate that an 
asymmetrical boost of the fungal community by S. gigantea could explain the observed shift 
in the fungivorous nematode distribution. 
In Chapter 5,WKHHͿHFWRIDJHQHWLFDOO\PRGLÀHGSRWDWRYDULHW\RQWKHQHPDWRGHFRP-




samples were taken on two occasions during the growing season of the plants. In this study, 
QRGLͿHUHQFHVZHUHREVHUYHGEHWZHHQWKHQHPDWRGHFRPPXQLW\RIVRLOSODQWHGZLWKWKH*0
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are responsible for ecosystem services such as nutrient cycling, carbon sequestration and 
UHPHGLDWLRQRIIUHVKZDWHU7KHH[WUHPHELRGLYHUVLW\SURKLELWVWKHPDNLQJRIDIXOOLQYHQ-
tory of soil life. Hence, an appropriate indicator group should be selected to determine 
WKHELRORJLFDOFRQGLWLRQRIVRLOV\VWHPV'XHWRWKHLUXELTXLW\DQGWKHGLYHUVHUHVSRQVHV
to abiotic and biotic changes, nematodes are suitable indicators for environmental moni-
WRULQJ+RZHYHUWKHWLPHFRQVXPLQJPLFURVFRSLFDQDO\VLVRIQHPDWRGHFRPPXQLWLHVKDV
OLPLWHGWKHVFDOHDWZKLFKWKLVLQGLFDWRUJURXSLVXVHG,QDQDWWHPSWWRFLUFXPYHQWWKLV

















The biotic soil fraction is the source of major ecosystem services like water holding, nutrient 
F\FOLQJDQGFDUERQVHTXHVWUDWLRQ3HWHUVHQDQG/X[WRQ0\HUV:DUGOHHWDO
2004, Fitter et al., 2005, Postma-Blaauw et al., 2005) and is the bottom-up driving force of the 
HFRV\VWHP+XQWDQG:DOO6FKHXDQG6HWlOl7KHUHIRUHGXHWRWKHLUGLͿHUHQFHVLQ
habitat-responses and multitrophic interactions (Hunt and Wall 2002, Scheu and Setälä 2002, 
Wardle et al., 2004, De Mesel et al., 2006, Mulder et al., 2012), many terrestrial invertebrates are 
valuable ecological indicators (Birkhofer et al., 2012). However, irrespectively of the environ-
mental characteristics we wish to highlight, the high biodiversity in soils and sediments (Mulder 
et al., 2005, Höss et al., 2011) forces us to choose a subset that is representative for biological 
VRLOTXDOLW\(FRORJLFDOFULWHULDWRVHOHFWLQGLFDWRUJURXSVVKRXOGLQFOXGHDGLVWULEXWLRQDFURVV
PXOWLSOHWURSKLFOHYHOVEPHWKRGRORJLFDOLQWHUSUHWDELOLW\RITXDOLWDWLYHDQGRUTXDQWLWDWLYH
changes, and c) ease of sampling standardization. Soil nematodes meet these criteria. 
These vermiform invertebrates, mostly with body lengths ranging between 0.2 and 2.5 
mm (Mulder and Vonk 2011), are present in densities up to several millions individuals per 
VTXDUHPHWHUDQGDUHHDVLO\H[WUDFWDEOHIURPWKHWRSVRLO7KHLUWURSKLFGLYHUVLW\HQFRPSDVVHV
all the three energy channels distinguishable within the soil food web: the plant-feeding, the 
bacterial-feeding, and the fungal-feeding pathway (e.g. Ferris et al., 2001). Because of their 
KLJKO\LQWHUFRQQHFWHGSRVLWLRQVLQWKHGHWULWDOVRLOIRRGZHEQHPDWRGHFRPPXQLWLHVUHÁHFW
microbial resources, especially the bacterial and the fungal communities (Wardle et al., 2004, 
9DQ(HNHUHQHWDO&KULVWHQVHQHWDOVRLOIHUWLOLW\DQGPDQDJHPHQW)HUULVHWDO
2001, Yeates 2007, Reuman et al., 2009). Simple food webs with few trophic levels, as those in 
our study, show more specialization and less omnivory because occurring species (here, nem-
atodes) have a much higher probability of consuming at one single trophic level (Polis et al., 
1997, Thompson et al., 2007). Hence, nematodes are a natural avenue to examine the spatial 
DQGWHPSRUDOYDULDQFHRIVXFKIRRGZHEFRQÀJXUDWLRQV
Moreover, the nature and rate by which nematodes respond to changes in the (a)biotical 
VRLOFRQGLWLRQYDULHVDPRQJVWGLͿHUHQWIDPLOLHVDQGJHQHUD$WFRPPXQLW\OHYHOWKLVYDULDWLRQ
LQUHVSRQVLYHQHVVUHÁHFWVLWVHOIFKDQJHVLQWKHQXPHULFDODEXQGDQFHVSHFLHVFRPSRVLWLRQ
feeding traits and trophic distribution. The interconnected positions in the soil food web, in 
FRPELQDWLRQZLWKWD[RQVSHFLÀFUHVSRQVLYHQHVVWRZDUGVHQYLURQPHQWDOVWUHVVRUVPDNHWKHVH
invertebrates suitable as indicators. 
Over the last decade, substantial progress has been made in collecting phylum-wide genetic 
information of nematodes (Blaxter et al., 1998, Holterman et al., 2006, Van Megen et al., 2009). 
This resulted in a small subunit ribosomal DNA-based (SSU-rDNA) framework covering a 
substantial part of the biodiversity for terrestrial nematode communities in temperate climate 




distribution within individual taxa should be considered. In the past, nematodes were thought 
to exhibit cell constancy; all individuals of a given species have the same number of cells. 









(but see Derycke et al., 2012 for cryptic Rhabditidae), we hypothesize here that it is possible to 
UHODWHTXDQWLWDWLYH3&5GDWDWRWKHQXPEHURILQGLYLGXDOVRIDJLYHQIDPLO\DWDORJDULWKPLF




According to Neher (2010), more research is needed on nematodes in natural and agricultural 
soils to test ecological hypotheses. Hence, we chose two adjacent ecosystems to investigate the 
extent to which the SSU-rDNA tool allows monitoring of soil nematode assemblages in the 
South of the Veluwe region (central Netherlands). In such a way, we were able to establish the 
degree of convergence of the soil ecological condition 30 years after ending the agricultural 
practices by a direct comparison between the compositions of the nematode community in the 
SUHYLRXVO\GLVWXUEHGDUHD¶IRUPHUDUDEOHÀHOG·DQGWKHDGMDFHQWXQGLVWXUEHGFRQWURO¶PDWXUH
beech forest’), as recommended in Neher 2010. During 10 months, nematodes were sampled 18 
times with intervals of 2-4 weeks. 15 families or genera were detected (monophyletic groups in 
DSK\OXPZLGH668U'1$IUDPHZRUNWKDWLQFOXGHVǀWD[DDVGHVFULEHGLQ9DQ0HJHQHW
al., 2009), within them most feeding guilds were represented. Occurrence of specialized nem-
atodes parasitizing vascular plants greatly depends on the structure of the rhizosphere, hence 
on the composition of the vegetation and as for the Maturity Index (Bongers 1990) they were 
not taken into consideration in this nematological research. Shortly, recurring DNA patterns 
PRWLIVZHUHLGHQWLÀHGIRUIDPLO\RUJHQXVVSHFLÀFJURXSVDQG3&5SULPHUVZLWKLGHQWLFDO
annealing temperatures were developed. We show that nematode assemblages can be moni-
WRUHGIUHTXHQWO\XVLQJVWDQGDUGPROHFXODUODERUDWRU\HTXLSPHQWDQGWKDWWKLVPHWKRGKDVWKH










open area with a Plantagini-Festucion association (sensu Weeda et al., 1996) growing on a soil 





The precipitation and temperature data were registered by a weather station by the Royal Dutch 
Meteorological Institute (KNMI Station 06275, 45 m a.s.l., about 7 km from Dennenkamp). 
Sampling and nematode extraction
1HPDWRGHDVVHPEODJHVZHUHPRQLWRUHGWKURXJKRXWLQDQDEDQGRQHGÀHOGDQGDQDGMDFHQW
pristine beech forest. On these sites, the upper 25 cm of the soil were sampled 18 times from 
March 17 (week 1) until December 18 (week 40). The humus fraction was still observable as a 
VWUDWLÀHGOD\HULQWKHIRUHVWPRGHUSDUWO\GHFD\HGWRVRPHH[WHQWPL[HGZLWKWKHPLQHUDOKRUL-
zon). At eighteen time points (every 2-4 weeks), we randomly took four composite soil samples 
IURPWKHÀHOGDQGWZRFRPSRVLWHVDPSOHVIURPWKHDGMDFHQWIRUHVW(DFKVDPSOHFRQVLVWHGRI
8-10 cores (Ø 1.5 cm, depth 25 cm) taken from a surface of ~ 0.25 m2 and thoroughly mixed. 
Nematodes were extracted from 100 ml of soil using an elutriator (Oostenbrink, 1960). Nematode 
GHQVLW\ZDVHVWLPDWHGE\FRXQWLQJWZRVXEVDPSOHVSHUVDPSOHDWORZPDJQLÀFDWLRQFODVVLFDO
analysis); after counting, these subsamples were poured back into the original suspension. 
Selection of nematode taxa 
To make a selection of monitored taxa for this study, suspensions from both sites were analysed 
microscopically twice (week 1 and week 39, 2009). In total, 38 genera sensu Bongers (1994) were 
LGHQWLÀHGLQWKHÀHOGDQGLQWKHIRUHVW7DEOH)LIWHHQQHPDWRGHWD[DIDPLOLHVDQGJHQ-
era; Table 2) were selected based on molecular resolution, trophic ecologies, and sensitivities 
towards environmental disturbances. This taxonomic selection at genus level covers 59 % of 
WKHÀHOGDQGRIWKHIRUHVWQHPDWRGHELRGLYHUVLW\H[FOXGLQJWKHREOLJDWHSODQWSDUDVLWLF
genera; Table 1). 
DNA extraction and puri!cation
Nematode suspensions (100 ml) were concentrated by centrifugation at 4,000 rpm, supernatant 








analysis. We kept this DNA extraction procedure consistent for all samples in our study to 
ensure full comparability of results (Thonar et al., 2012, note to their S3).
Design and testing of family- and genus-speci!c primers 
)RUWKHGHYHORSPHQWRIWD[RQVSHFLÀF3&5SULPHUVDPROHFXODUIUDPHZRUNFRQVLVWLQJRIǀ
QHDUO\IXOOOHQJWK668U'1$VHTXHQFHVUHSUHVHQWLQJDOOPDMRUJURXSVRIWHUUHVWULDOQHPDWRGHV




groups in a SSU rDNA based phylogenetic tree (Van Megen et al., 2009), and PCR primers were 
GHYHORSHGRQWKHEDVLVRIWD[RQVSHFLÀFPRWLIV,QFRQWUDVWIRUVRPHSRO\SK\OHWLFWD[D²e.g., 
IXQJLYRURXV'LSKWKHURSKRULGDH²VHSDUDWHVSHFLÀFSULPHUFRPELQDWLRQVZHUHGHYHORSHGIRU
each of the constituting genera. In the case of the poly- and paraphyletic Rhabditidae, embracing 
JHQHUDDFFRUGLQJWRWKH)DXQD(XURSDHD>KWWSZZZIDXQDHXURUJ$FFHVVHG-XQH
6)], no comprehensive DNA barcodes could be generated at such a large family level, albeit 
IRUVRPHPRQRSK\OHWLFJHQHUDVSHFLÀFSULPHUVFDQVWLOOEHGHYHORSHG
When designing the primer combinations, the annealing temperature of the oligonucle-
















largest DCt) between target(s) and close non-target(s); assays with a DCt lower than 12 were 
GLVFDUGHG+HUH&WYDOXHLVGHÀQHGDVWKHQXPEHURI3&5F\FOHV¶&·DWZKLFKWKHUHSRUWHU
G\HHPLVVLRQLQWHQVLW\H[FHHGVDSUHGHWHUPLQHGWKUHVKROG¶W·,QFDVHRIVLPLODUVSHFLÀFLWLHV
primer combinations with lowest Ct value per unit of template were preferred.










Relationships between Ct values and numbers of target nematodes 
7KHTXDQWLWDWLYH3&5RXWSXWLVH[SUHVVHGLQ&WXQLWV7KHFRS\QXPEHUDQGTXDQWLWLHVRIWKH
target template are inversely proportional to Ct and can be calculated by direct comparison 
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with Ct values for known standards (Brunborg et al., 2004, Atkins et al., 2005). In order to get 
Table 1.2YHUYLHZRIQHPDWRGHGLYHUVLW\DWJHQXVOHYHOPLFURVFRSLFDQDO\VLVLQWKHWRSVRLOGHSWK²
FPRIWKHIRUPHUDUDEOHÀHOGDQGWKHDGMDFHQWSULVWLQHEHHFKIRUHVW2EOLJDWHSODQWSDUDVLWLFQHPDWRGHV
are given in green and are not included in the molecular part of this research. Only the genera marked 
E\¶T·DUHLQFOXGHGLQWKHTXDQWLWDWLYH3&5DQDO\VLVDQGIRUPRVWRIWKHVHJHQHUDTXDQWLWDWLYHUDQJHV¶U·
are available (see Fig. 4 and text for more details). For the taxonomy of the families we adhered to De 
Ley et al. 2006.
Genus Family qPCR analysis Range Field Forest 
Achromadora Achromadoridae   +  
Acrobeles Cephalobidae q r +  
Acrobeloides Cephalobidae q  + + 
Aglenchus Tylenchidae    + 
Alaimus Alaimidae q r + + 
Anaplectus Plectidae q r +  
Aphelenchoides Aphelenchoididae q r + + 
Aphelenchus Aphelenchidae q r +  
Aporcelaimellus Aporcelaimidae   +  
Bunonema Bunonematidae    + 
Cephalenchus Tylodorida    + 
Cephalobus Cephalobidae q  +  
Cervidellus Cephalobidae q r + + 
Clarkus Mononchidae q r +  
Coomansus Mononchidae q  +  
Coslenchus  Tylenchidae    + 
Cylindrolaimus Diplopeltidae   +  
Diphtherophora Diphtherophoridae q r +  
Ditylenchus Anguinidae   + + 
Eucephalobus Cephalobidae q r + + 
Eudorylaimus Qudsianematidae    + 
Eumonhystera Monhysteridae q r + + 
Filenchus Tylenchidae   + + 
Geomonhystera Monhysteridae   +  
Helicotylenchus Hoplolaimidae   +  
Malenchus Tylenchidae    + 
Meloidogyne Meloidogynidae   +  
Mesorhabditis Mesorhabditidae   +  
Metateratocephalus Metateratocephalidae q r + + 
Microdorylaimus Qudsianematidae   +  
Nygolaimus Nygolaimidae   +  
Panagrolaimus Panagrolaimidae   +  
Plectus Plectidae q r + + 
Pratylenchus Pratylenchidae   +  
Prismatolaimus Prismatolaimidae q r + + 
Pungentus Nordiidae   +  
Rhabditis Rhabditidae   + + 
Steinernema Steinernematidae    + 
Teratocephalus Teratocephalidae q r + + 
Thonus Dorylaimidae q r + + 
Tylencholaimus Tylencholaimidae   + + 
Tylenchorhynchus Belonolaimidae   +  
Tylenchus Tylenchidae   + + 
Tylolaimophorus Diphtherophoridae q r + + 
Wilsonema Plectidae q  + + 












primers, calibration curves were generated for the major genera within each family.
Data analysis




were made for each of the detected families and genera and for the two basal trophic guilds 
(here as summed ‘bacterivores’ and summed ‘fungivores’) using independent Mann Whitney-U 
WHVWD 7RJHWWKHWHPSRUDOYDULDWLRQRIWKHQHPDWRGHFRPPXQLW\EHWZHHQRXUWZR
habitats, a partial Mantel analysis was performed.
Results
Seasonal dynamics and site-speci!c di"erences in nematode communities
:KLOHWKHDLUWHPSHUDWXUHÁXFWXDWHGEHWZHHQÝ&ZHHNDQGÝ&ZHHNDQGWKH
cumulative rainfall of the latest 21 days before sampling (sensu 0XOGHUHWDOÁXFWXDWHG
between 11 and 95 mm (Fig. 1, upper panel), variation of the total nematode density (Fig. 1, 
ERWWRPSDQHOZDVUDWKHUORZ&RH΀FLHQWRI9DULDWLRQHTXDOVLQWKHÀHOGDQGLQ
WKHIRUHVW7KHÀHOGKDGDORZHUGHQVLW\RIQHPDWRGHVLQFRPSDULVRQWRWKHIRUHVWDYHUDJHV
per 100 ml elutriated soil were 2,392 ± 1,151 SD versus 3,222 ± 2,033 SD individuals; unweighted 
t-test P 
Composition of the soil nematode assemblages was determined microscopically from 
two composite suspensions (Table 1). Among these genera and families, taxa that appeared 
as monophyletic groups in a SSU rDNA-based molecular framework (Van Megen et al., 2009) 
were chosen for further investigation. From the basal level of the soil food web, 12 taxa were 
selected to be addressed in the next part, namely 8 bacterivores (7 families and 1 genus) and 4 
fungivores (2 families and 2 genera), and from the trophically higher level, 3 taxa were selected, 
i.e. 2 predatory families (here: Mylonchulidae and Mononchidae M3) and one omnivore family 
(here: Dorylaimidae D3), for monitoring using real time PCR (Table 2). Primary data about 
densities of individual taxa at each of the time points (average and standard error) are given 
in the Supplementary Table S1.
In contrast to the total nematode densities, individual taxa show distinct temporal and 
VLWHVSHFLÀFSDWWHUQV7KHVHDVRQDOÁXFWXDWLRQVIRUEDFWHULYRURXVIDPLOLHVDUHVKRZQLQ)LJ
(colonizer-persister cp ranking as in Bongers 1990, Bongers and Bongers 1998): Teratocephalidae 
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(cp-3), Prismatolaimidae (cp-3), Cephalobidae (cp-2), all in the left panel; Plectidae (cp-2) and the 
genus Anaplectus (cp-2), both in the red box; Alaimidae (cp-4), Metateratocephalidae (cp-3), and 
Monhysteridae (cp-2), all in the right panel. In particular, bacterivores show distinct temporal 
patterns in abundances in the two habitats, but also a taxon dependency was observed (Fig. 
2). For instance, comparable trends are detectable for all Teratocephalidae (i.e., Teratocephalus, 
being Teratocephalidae monogenic). 
Figure 1.3UHFLSLWDWLRQDQGWHPSHUDWXUHLQUHODWLRQWRWRWDOQHPDWRGHGHQVLWLHVLQRSHQÀHOGDQGFORVHG
(forest) canopies. Weekly averages of daily temperature (red) and total rainfall over 21 days before sam-
pling (blue) as measured by the Royal Dutch Meteorological Institute (KNMI) are shown above. At the 
ERWWRPDYHUDJHQHPDWRGHGHQVLWLHVSHUPORIVRLOIURPDVLQFH\HDUVDEDQGRQHGDUDEOHÀHOGRSHQ
canopy, yellow bars) and adjacent pristine beech forest (close canopy, green bars) are given. Sites sampled 




in the case of Teratocephalus DQG0RQK\VWHULGDHD 7ZRIDPLOLHV3ULVPDWRODLPLGDH
and Metateratocephalidae, were consistently more abundant in the forest, whereas Alaimidae, 
Cephalobidae, members of Plectidae and the genus AnaplectusZHUHSUHVHQWLQVLJQLÀFDQWO\
KLJKHUGHQVLWLHVLQWKHÀHOG)LJ+RZHYHULIWKHGHQVLWLHVRIWKHVHEDFWHULYRURXVWD[DDUH
taken together into a single feeding guild (Bax, bacterivores with cp value x sensu Ferris et 
DOQRVLJQLÀFDQWGLͿHUHQFHZDVGHWHFWDEOHEHWZHHQWKHWZRVLWHVD GHVSLWHWKH
UHPDUNDEOHIXQFWLRQDOGLͿHUHQFHVZLWKLQEDFWHULDOIHHGLQJQHPDWRGHVNQRZQIURPOLWHUDWXUH
(Postma-Blaauw et al., 2005, De Mesel et al., 2006).
In parallel, three fungivorous families were monitored as well; Aphelenchidae (cp-2), Aph-
elenchoididae (cp-2), and Diphtherophoridae (cp5LERVRPDO'1$VHTXHQFHVVXJJHVWWKDW
Diphtherophoridae are not monophyletic (Van Megen et al., 2009). Hence, representatives of 





SSU rDNA-based assays for the detection of nematode taxa – qualitative aspects
Soil samples typically contain 30-60 nematodes species, and the composition of nematode 
DVVHPEODJHVLVKLJKO\GHSHQGHQWRQVRLOFRQGLWLRQV0XOGHUDQG(OVHU0XOGHUDQG9RQN





harbouring two genera, Metateratocephalus and Euteratocephalus )LJ668U'1$VHTXHQFH
PRWLIVZHUHXVHGWRGHVLJQSULPHUVZLWKDQDQQHDOLQJWHPSHUDWXUH7DRIÝ&7RRSWLPL]HWKH
IRUHVHHDEOHVSHFLÀFLW\VHOHFWHGSULPHUFRPELQDWLRQVVKRZHGDVKDUSLQFUHDVHLQ&WWKUHVKROG
cycle) upon further Ta increase (Fig. 4A). ARB software (Ludwig et al., 2004) was employed 
to identify potential false positives, and plasmids harbouring relevant SSU rDNA fragments 
were used for testing PCR primer combinations. Taxonomically, it must be mentioned that 
potential false positives are not per se related to targets, underlining the plea for a phylum-wide 
database. In case of the most optimal Metateratocephalidae primer combination, the smallest 
JDSEHWZHHQWKHWDUJHWDQGWKHQRQWDUJHWVPDOOHVWЈ&WPHDVXUHGF\FOHV)LJ%7KLV
value was determined for all primer combinations (Table 2).
SSU rDNA-based assays for the detection of nematode taxa – quantitative aspects
7RHVWDEOLVKWKHUHODWLRQVKLSEHWZHHQD&WYDOXHWKHSULPDU\RXWSXWRIDTXDQWLWDWLYH3&5
reaction) and the corresponding number of target nematodes (here, members of the Metater-
atocephalidae), two series of handpicked individuals were generated. The resulting dataset, 
ÀYH&WYDOXHVIRUHDFKMetateratocephalus and Euteratocephalus)LJ&ZDVXVHGWRGHÀQHWKH
slope and the y-intercept of the regression line describing the linear relationship between log 
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(# nematodes) and the corresponding Ct values (Fig. 4D). As an assessment of the goodness 
RIÀWR2 values are given for each taxon. Although families may harbor more genera than the 
number given in Table 2, the values presented here only aim to indicate the number of genera 
that were observed at this particular study area. Considering the life-stage distribution for each 
WD[RQZLWKGLͿHUHQFHVLQ'1$FRQWHQWVIRULQGLYLGXDOOLIHVWDJHVDWD[RQVSHFLÀFGHJUHHRI
uncertainty regarding the exact densities might occur. However, seen the R2 values for each 
WD[RQ7DEOHZHPLJKWDVVXPHWKDWWKH668U'1$EDVHGGHQVLWLHVUHÁHFWWKHDFWXDOGHQVLWLHV
assessed by classical nematological analysis. 
Table 2.0ROHFXODURYHUYLHZRIWKHQHPDWRGHIDPLOLHVDQGJHQHUDPRQLWRUHGLQRXUVWXG\6SHFLÀFLW\RI
primer combinations is expressed as the gap between the Ct value of the latest target and the Ct value of 
WKHHDUOLHVWQRQWDUJHWЈ&WH[SUHVVHGLQQXPEHURI3&5F\FOHV)RUUHODWLRQVKLSEHWZHHQ&WYDOXHDQG
number of target nematodes see Fig. 4, and Materials and Methods in ‘Relationships between Ct values and 
numbers of target nematodes ’. 
Nematode family / genus Ct Relationship between Ct value and 
 log (#  target nematodes): 
#  genera* 
  Ct = a log10 [# nematodes] + b  
     a    b   R 2  
Alaimidae (B) N/A -3.31 25.47 0.996 1 
Aphelenchidae (F, FP) 42 -4.31 17.53 0.995 1 
Aphelenchoididae (F, FP ) 20 -3.06 24.09 0.992 1 
Cephalobidae (B) 17 -4.21 21.95 0.855 3 
Diphtherophoridae (F) :      
     Diphtherophora  18 -3.22 19.18 0.926  
    Tylolaimophorus  N/A -3.02 22.36 0.984  
Dorylaimidae (O) N/A -5.90 17.30 0.859 1 
Metateratocephalidae (B) 26 -5.09 24.40 0.954 2 
Monhysteridae (B) 23 -4.25 21.06 0.954 1 
Mononchidae (P) 18 -2.94 15.19 0.990 1 
Mylonchulidae (P) ** N/A -4.02 12.03 0.977 1 
Plectidae (B) :      
    Plectidae excl. Anaplectus 34 -1.93 26.82 0.989 1 
    Anaplectus  27 -3.33 21.03 0.949  
Prismatolaimidae (B) 13 -5.13 21.64 0.999 1 
Teratocephalidae (B) N/A -4.41 25.13 0.999 1 
B: bacterivore, F: fungivore, FP: facultative plant parasite (only for nematodes where this guild occurred in combina-
WLRQZLWKIXQJLYRU\2RPQLYRUH3SUHGDWRU1$QRTXDQWLWDWLYH3&5VLJQDOSURGXFHGE\QRQWDUJHWVQXPEHU
RIJHQHUDZLWKLQRQHIDPLO\DVVHVVHGE\T3&5IDPLOLHVDVLQ'H/H\HWDODVMylonchulus is expected to occur 
in this area, its family has been included as additional taxon.
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Figure 2. Temporal patterns of bacterivorous, omnivorous and predatory nematode families. We deter-
PLQHG'1$EDVHGYDULDWLRQ LQ WKHQHPDWRGHGHQVLWLHVSHU PO VRLO QRWHGLͿHUHQFHV LQ\D[HVRI
representatives from seven bacterivorous families: Teratocephalidae, Prismatolaimidae, Cephalobidae, 
Plectidae (i.e., all Plectidae excl. Anaplectus and ‘Anaplectus’, both in a dashed gray box), Alaimidae, 
Metateratocephalidae, Monhysteridae; the omnivorous family Dorylaimidae (D3 region sensu Holter-
man et al., 2008); and the predatory families Mononchidae (M3, Holterman et al., 2008) and Mylonchuli-
GDH6DPSOLQJZHHNVDV[D[HVFRQVWDQWVFDOHVVDPSOHVIURPWKHÀHOGDUHUHSUHVHQWHGE\RUDQJHWULDQ-
gles and samples from the forest by green diamonds. Trends are given as two-period moving averages: 
the averaged 2nd and 3rd data points are portrayed by the 1st data point and so forth.
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nematodes as determined microscopically was compared with the total numbers as estimated 
E\TXDQWLWDWLYH3&5:HFRQVWUXFWHGDUHGGRWWHGOLQHWRVKRZYLUWXDOGDWDDWZKLFKWKHWRWDO
QXPEHURIQHPDWRGHVLVHTXDOLUUHVSHFWLYHZKHWKHUGHWHUPLQHGE\PLFURVFRS\RUE\TXDQ-
titative PCR (Fig. 5) and one solid line to connect all the points. Ideally, a dataset should not 
exceed 0.5 log value from the latter solid line, allowing a precision of ± 0.5 order of magnitude. 
To show the data-range borders, dashed lines have been plotted above and below the solid 
trend-line. Of all nematode assemblages analysed, 78 % were found within this range. When it 
is assumed that Fig. 5 provides a summary overview of the relationship between classical and 
molecular nematological analyses, it is notable, that the slope of the linear log-log regression 
across all our samples analysed in both ways (solid trend) is allometrically undistinguishable 
IURPXQLW\WKHVORSH6(RYHUODSV6(P < 10-5). Discrepancies between counts 
DQGT3&5LQRQHÀIWKRIRXUVDPSOHVDUHHLWKHUGXHWRXQGHUHVWLPDWLRQRUWRRYHUHVWLPDWLRQRI
the nematode biomasses. On one hand, lacking appropriate molecular assays are a caveat that 
Figure 3. Temporal patterns of fungivorous nematode families. Seasonal variation in densities for fungi-
YRUHVLQWKHÀHOG$DQGLQWKHIRUHVW%3OHDVHQRWHWKDWWKH\D[LVVFDOHVGLͿHU$SKHOHQFKLGDH$SKH
EOXH$SKHOHQFKRLGLGDH $FKR UHG DQG WZR JHQHUD EHORQJLQJ WR 'LSKWKHURSKRULGDH ²YL] 7\ORODL-
PRSKRUXV7\ORJUHHQDQG'LSKWKHURSKRUD'LSK\HOORZ²VKRZGLͿHUHQWSDWWHUQVRYHUWKHVHDVRQV
between open and close canopies. As these taxa represent all observed fungivores, a partial Mantel anal-
\VLVSHUIRUPHGLQDPDWUL[GHVFULELQJWKHFRPPXQLW\VWUXFWXUHLQWKHÀHOGRSHQFDQRSLHVPDWUL[<DQG
LQWKHIRUHVWFORVHFDQRSLHVPDWUL[;XVLQJWKHVTXDUHG(XFOLGHDQGLVWDQFHZDVSHUIRUPHGXVLQJWKH




explains underestimation. For a number of non-monophyletic taxa such as the Rhabditidae, in 
fact, no molecular assays could be designed. Members of this family (cp-1) can respond very 
TXLFNO\WRERWKORFDOHQYLURQPHQWDOFKDQJHVe.g.HXWULÀFDWLRQDVWRPLFURELDOSXOVHV,IVXFKD
family would be abundant in a given sample, this would automatically result in a drop of the 
coverage. On the other hand, though unusual, averages of body-mass values at genus level can 
EHYHU\GLͿHUHQWZLWKLQDVLQJOHIDPLO\7KLVSKHQRPHQRQFDQEHLOOXVWUDWHGE\WKH´3OHFWLGDH
minus Anaplectusµ,QWKLVJURXSWKHIUHVKZHLJKWSHULQGLYLGXDODQG²PRVWOLNHO\²WKHLQ-
dividual DNA content) varies substantially between genera (compare Plectus with Wilsonema, 




genera) as an example of primer development. (A) All primers were designed to have optimal annealing 
temperature (Ta) of 63uC, with Ct values varying at temperatures above and below the target Ta. (B) Spec-
LÀFLW\WHVWRID0HWDWHUDWRFHSKDOLGDHSULPHUFRPELQDWLRQZLWKSODVPLG'1$VIURPWKUHHWDUJHWVSHFLHV
SSU rDNA fragments from 11 potential false positives (as selected by ARB, Ludwig et al., 2004) and a 
QHJDWLYHZDWHUFRQWURO&ODGHQXPEHUVDUHDFFRUGLQJWR9DQ0HJHQHWDO,QWKHTXDQWLWDWLYH3&5
graph the gap between the target and the non-target signal (DCt) is shown. (C) Pictures of the head region 









total of individuals as detected by optical microscopy (x-axis) plotted against the logarithm of the total of 
LQGLYLGXDOVDVHVWLPDWHGE\TXDQWLWDWLYH3&5\D[LV7KHFRUUHODWLRQVRITXDQWLWDWLYH3&5ZLWKFODVVLFDO
analyses seem to be accurate, with no Studentized residuals higher than | 2 |. The solid line shows the 
trend of all data and the two dashed lines show the boundaries of one-order-of-magnitude precision. The 
GRWWHGOLQHUHSUHVHQWVDQHTXDODPRXQWRIQHPDWRGHVIRUERWKPHWKRGV6XFKDFRYHUDJHLVH[SHFWHGWREH
lower than 100% as obligate plant parasites were not included, although the fungivorous Aphelenchidae 
and Aphelenchoididae may harbor facultative plant parasites as shown in Table 2. Given that taxa like 
5KDEGLWLGDH4XGVLDQHPDWLGDHRU1RUGLLGDHDSSHDUWREHERWKSRO\DQGSDUDSK\OHWLF+ROWHUPDQHWDO











contributes to this asymmetric distribution is pH, as some Prismatolaimus species prefer acidic 
conditions (Hirschmann 1952) and our forest moder might constitute an optimal environment 
IRUDFLGRSKLOLFEDFWHULYRUHV$QRWKHURIWKRVHGLͿHUHQFHVZDVWKHGLVWLQFWGLVWULEXWLRQRI




beech forest soils, where, Anaplectus granulosus was shown to be exclusively present in mull 
soils (Alphei 1998). 
Regarding seasonal changes in bacterivorous nematodes, a decreasing trend was observed 
for Teratocephalidae and Plectidae in June and July (week 13 to 17 in Fig. 2), a period character-
ized by intense rainfall. Although precipitation data was recorded at a nearby weather station 
and not on the site itself, it would be tempting to attribute their absences to their movement to 
deeper soil layers. For several plant parasitic species, it has been shown that simulating intense 
rainfall hardly results in leaching of nematodes (Chabrier et al., 2008, Fujimoto et al., 2009). As 
WKLVDELOLW\WRZLWKVWDQGOHDFKLQJLVXQOLNHO\WREHVSHFLÀFIRUSODQWSDUDVLWHVDORQHZHVHHWKH
absence of Teratocephalidae and Plectidae not as the (passive) result of any leaching below 
the sampling depth. However, members of these families could actively migrate downwards 
because of the leaching of certain groups of bacteria, their main resource. The passive transport 
of bacterial cells as a result of rainfall is a well-documented phenomenon (Gagliardi and Karns 
2000, Aislabie et al., 2011). 
Intra-feeding guild heterogeneity is further illustrated by the fungivorous nematodes. The 
family Diphtherophoridae harbors two genera, Diphtherophora and Tylolaimophorus. Whereas 
representatives of the genus Diphtherophora ZHUHFRQVWDQWO\SUHVHQWLQWKHÀHOGIURPZHHN
onwards (though in low densities), they were lacking in the adjacent forest. Tylolaimophorus, 
RQWKHRWKHUKDQGZDVWKHGRPLQDQWIXQJLYRURXVQHPDWRGHLQWKHIRUHVWDOEHLWLQÁXFWXDWLQJ
densities). If soil acidity is so important for belowground Operational Taxonomic Units (OTUs) 
DVVXJJHVWHGE\0XOGHUHWDODQG:XHWDOWKDQWKHGLͿHUHQFHLQVRLOS+RIRXU
sites might (co)explain the observed patterns: in general, Tylolaimophorus spp. is known to 
be acidophilic (Brzeski 1994), and its high abundance in the beech forest can be attributed to 
WKHDFLGLFPRGHUS+ 7KHJHQXVHQFRPSDVVHVWKLUWHHQVSHFLHV%U]HVNLDQGZH
hypothesize that other, non-acidophilic Tylolaimophorus species might occur in the abandoned 
ÀHOGS+ 
A more pronounced, reverse response is observed for Diphtherophora )LJ(LWKHUWKH




these nematodes. Members of other fungivorous families (Aphelenchidae and Aphelenchoid-
idae) were respectively non-detectable or present in low amounts (late Autumn) in the acidic 
PRGHU)LJ%ZKHUHDVWKH\RFFXUUHGLQWKHÀHOGDWGHQVLWLHVXSWRRQHLQGLYLGXDOSHUPORI
soil, especially in the second half of the season. Hence, we hypothesize that (1) fungivorous 
nematodes are not as polyphagous as suggested (Freckman and Caswell 1985) and that (2) 
$SKHOHQFKLGDHDQG$SKHOHQFKRLGLGDHIHHGRQDSDUWRIWKHIXQJDOFRPPXQLW\GLͿHUHQWIURP
the segments used as a resource by Tylolaimophorus.
Regarding functional changes in nematodes, applied soil ecologists tend to use indices 
based on so-called guilds, a trait assemblage of nematode taxa sharing the same feeding habits 
and inferred function in the soil food web (Ferris et al., 2001). The current study did not aim to 
LQYHVWLJDWHHͿHFWVRIFKDQJHVLQWKHQXWULWLRQDOVWDWXVRIDVRLOIRRGZHEQRUDQ\RWKHUNLQGRI
environmental disturbance. Rather it shows that it is possible to monitor communities based 
on molecular methodology and in this way reveals numerous changes within feeding guilds 
that might give us more insight in the ecological functioning of soil biota.
In the last decades there have been several extensive studies on both spatial (e.g. Neher et 
DO(WWHPDDQG<HDWHVDQGWHPSRUDOe.g. Yeates et al., 1999, Sohlenius and Boström 
2001) variation within nematode communities. Yeates et al. (1999) monitored nematodes 




series (sampling monthly and every other month) and one long-term time series (10 sampling 
events over 25 years) in a Swedish pine forest soil, that variations within groups of nematode 
taxa of the same feeding type were larger compared to variations of the feeding groups as a 
ZKROH:HGLGQRWREVHUYHPDMRUVHDVRQDOÁXFWXDWLRQLQWRWDOQXPEHUVRIQHPDWRGHVDVWKH\
did (Sohlenius and Boström 2001), but our data are in line with their conclusion stating that 
precipitation is one of the major drivers of changes in the nematode community composition. 
6RIDUDQXPEHURISUDFWLFDOREVWDFOHVOLNHWKHWLPHUHTXLUHGIRUPLFURVFRSLFDQDO\VLVWKH
limited number of informative morphological characters for some taxa, and the scarcity of 
people that can analyse nematode assemblages has restricted the number of intensive moni-
toring studies. DNA-based community analysis can lift such obstacles, and facilitate a wider 
XVHRIQHPDWRGHVDVLQGLFDWRUIRUWKHELRORJLFDOVRLOTXDOLW\,QHVVHQFHIRXUGLͿHUHQWPROHFXODU
DSSURDFKHVDUHFXUUHQWO\XVHGGLUHFWVHTXHQFLQJ3&5'**(3&575)/3DQGUHDOWLPH3&5














framework was made, and in a next step, community analysis procedure was tested based on 
the combined use of microscopy (for pre-selection) followed by real time PCR. The molecular 
procedure presented here allows for the analysis of nematode communities without any mi-
croscopic pre-selection because it is based on a considerably broader (2,400 taxa) full length 
SSU rDNA database that covers all major terrestrial and freshwater nematode taxa. It is noticed 
WKDWPDULQHQHPDWRGHDUHJUHDWO\XQGHUUHSUHVHQWHGLQRXUIUDPHZRUNDQGFRQVHTXHQWO\LW
cannot be used for marine nematode assemblages yet. Still, a basic advantage of the detection 
IUDPHZRUNLOOXVWUDWHGKHUHLVLWVVLPSOLFLW\DVLWRQO\UHTXLUHVVWDQGDUGODERUDWRU\HTXLSPHQW
In most soil nematological studies, data are presented at family or feeding guild level. To 
allow for a straightforward connection between the large body of ecological data on terrestrial 
nematode communities and the currently present molecular detection framework, it was de-
cided to preferably develop assays at family level. Families often harbor multiple genera, and 
UHJUHVVLRQOLQHVIRUIDPLO\VSHFLÀFSULPHUFRPELQDWLRQVDUHEDVHGRQRQHRUPRUHFDOLEUDWLRQ
curves produced on genus-level (e.g., Fig. 4D). In case the relationship between real time PCR 
output (Ct value) is similar for the constituting genera, the ratio between these genera does 
QRWDͿHFWWKHDFFXUDF\RIWKHUHVXOWV+RZHYHUVRPHIDPLOLHVVXFKDV&HSKDORELGDHLQFOXGH
JHQHUDZLWKFRQVLGHUDEOHERG\VL]HGLͿHUHQFHV0XOGHUDQG9RQN0XOGHUHWDO
and, most likely, DNA contents. Therefore, only those genera that were present in the micro-
VFRSLFVDPSOHVZHUHLQFOXGHGLQWKHFRPSXWDWLRQRIWKHUHJUHVVLRQ$VDFRQVHTXHQFHWKHR2 
for Cephalobidae was slightly lower in comparison to most other primer combinations (Table 
2). Hence, the accuracy of density levels of individual families is variable and depends on the 
variation in average DNA contents of the constituting genera.
On one hand, DNA-based research spans an enormous array of ecological disciplines and 
ZHEHOLHYHWKDWWKLVVWXG\GHPRQVWUDWHV²DPRQJRWKHUVE\VKRZLQJIRUWZRDGMDFHQWXQGLV-
turbed areas that even 30 years after ending the agricultural practices the soil nematofauna 
EDUHO\VHHPWRFRQYHUJHWRWKHVDPHDVVHPEODJH²WKHHFRORJLFDOVXLWDELOLW\RIDTXDQWLWDWLYH
PCR-based method for nematological and environmental purposes. On the other hand, our 
results also aim to contribute to the increase of the current knowledge of this phylum, given that 
the taxonomy of nematodes is still far from complete (Fontaine et al., 2012). It has been shown 
that the analysis of datasets at genus level can provide more information when comparing 
analyses at family or order level. Using this DNA barcode-based tool, we have the possibility 
to work towards a complete view on time trends and soil patterns, enabling the nematode 
community to become unravelled. 
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and nutrient cycling, and studies on the impact on higher trophic levels of the soil food 
ZHEDUHUHODWLYHO\VFDUFH+HUHZHLQYHVWLJDWHGWKHDERYHJURXQGSODQWFRPPXQLW\DQGWKH
EHORZJURXQGLPSDFWDWPXOWLSOHWURSKLFOHYHOVRIWKHVRLOIRRGZHERIDQLQYDVLYHSODQW
species; Giant goldenrod (Solidago gigantea,QRUGHUWRHYDOXDWHWKHKDELWDWGHSHQGHQF\
RI*LDQWJROGHQURGLPSDFWZHFRPSDUHGWZRFRQWUDVWLQJHQYLURQPHQWVULSDULDQ]RQHVDQG
VHPLQDWXUDOJUDVVODQGV,QWRWDOZHVHOHFWHGSDLUVRISORWVLQYDGHGE\S. gigantea and 
DQXQLQYDGHGQHLJKERXULQJSORW)RUDOOSORWVQ ÁRULVWLFFRPSRVLWLRQS+IXQJDOELR-
PDVVDQGWKHGHQVLWLHVRIQHPDWRGHWD[DXVLQJDTXDQWLWDWLYH3&5EDVHGPHWKRGZHUH
determined. In plots invaded by S. giganteaSODQWVSHFLHVULFKQHVVZDVUHGXFHGE\DQG
55% in riparian and semi-natural grassland habitats respectively. The invader outcompeted 






invasive S. gigantea FDQD;HFWWKHVRLOIRRGZHELQDVHOHFWLYHZD\)XQJDOELRPDVVZDVHQ-
KDQFHGEXWRQO\RQHIXQJLYRURXVQHPDWRGHOLQHDJHEHQHÀWWHGIURPWKLVLQFUHDVHZKHUHDV






The successful establishment of exotic species is considered as one of the major driving forces 
of changes in biodiversity (Sala et al., 2000). Most naturalised exotic plants behave ecologically 
comparable to resident species, but a small proportion (‘invasive plants’) can reach excep-
tionally high densities in their new environments (for terminology see Pyšek et al., 2004). In 
various cases, invasive plant species have transformed native plant communities, and locally 
this has resulted in near monocultures. Hejda and co-workers (2009) studied the main factors 
determining the impact of invasive plant species on the native plant community. According 
to them species identity and habitus characteristics such as stand height and cover are major 
GHWHUPLQDQWVIRULQYDVLYHQHVV7KHQXPEHURIVWXGLHVIRFXVVLQJRQEHORZJURXQGHͿHFWVRI
invasive plant species has grown substantially over the last decade (Vilà et al., 2011). Most of 
these studies concentrate on the impact on microbial communities (for review see Van Der 
3XWWHQHWDODQGQXWULHQWF\FOLQJIRUUHYLHZVHH(KUHQIHOG)URPWKHVHVWXGLHVLW
has become clear that interactions between plants and soil biota can play a decisive role with 
regard to the invasive success of exotic plant species. The invasiveness of naturalised plant 
species has been shown to be promoted by their ability to stimulate generalist soil pathogenic 
fungi (Mangla et al., 2008) or by the local presence of compatible mycorrhizal fungi (Nuñez 
et al., 2009). Selective changes in the microbial community can lead to alterations at multiple 
OHYHOVRIWKHIRRGZHEDQGPD\WKHUHE\DͿHFWLWVVWDELOLW\'XQQHHWDO7KLVQRWLRQ
could contribute to our understanding of the ecological impact of exotic plant species. However, 
little attention has been paid to invader-induced changes on higher trophic levels in the soil 
food web so far (Belnap et al., 2005, Chen et al., 2007).
Due to the enormous biodiversity of soil biota and the high number of trophic relationships, 
there are myriad interactions between plants and soil microbial communities (Porazinska et 
al., 2003). Due to their omnipresence in pores between soil aggregates, their trophic diversity, 
and their high degree of interconnectedness within the soil food web, nematodes constitute 
an informative bio-indicator group for soil food web functioning (Neher et al., 2005). A range 
of studies has focused on interactions between plant community composition and nematode 
assemblages (De Deyn et al., 2004, Viketoft et al., 2005, Bezemer et al., 2010, Viketoft and 
Sohlenius, 2011). So far, the impact of exotic plants on nematode communities has received 
little attention (Van Der Putten et al., 2005, Morriën et al., 2011). Studying changes in nematode 
communities at high taxonomic resolution can deliver valuable information about shifts in 
microbial soil communities (Porazinska et al., 1999, Neher et al., 2005, Viketoft and Sohlenius, 
2011). However, for experiments with intense sampling designs, microscopy-based community 
DQDO\VHVDUHWRRODERULRXVDQGWLPHFRQVXPLQJ$UHFHQWO\GHYHORSHGVHWRITXDQWLWDWLYH
3&5T3&5EDVHGPROHFXODUDVVD\V9HUYRRUWHWDODOORZVIRUWKHDQDO\VLVRIQHPDWRGH
assemblages at or below family level in a relatively short time frame. 
In the present study, Giant goldenrod (Solidago gigantea), a common invasive plant species 
LQPRVW(XURSHDQFRXQWULHVZDVVHOHFWHGDVDPRGHOWRH[DPLQHEHORZJURXQGHͿHFWVRIVXF-
cessful invaders. This plant species has the ability to form near monoculture stands in a broad 
range of habitats (Weber and Jakobs, 2005). In recent years, several studies revealed properties 




2009) and the excretion of allelochemicals (Abhilasha et al., 2008). In 2010, Scharfy et al. studied 
WKHHͿHFWRIS. gigantea on soil biota in typical wetland soils (gleysols and a gleyic cambisol) 
XQGHUFRQWUROOHGPHVRFRVPFRQGLWLRQV7KH\REVHUYHGDVLJQLÀFDQWGHFUHDVHLQEDFWHULDODQG
an increase in fungal biomass in soil below a S. gigantea-dominated vegetation. However, it 
LVKDUGWRSUHGLFWZKHWKHUWKHVHDUHVSHFLÀFRUPRUHZLGHVSUHDGFRQVHTXHQFHVRILQYDVLRQ
by Giant goldenrod, and little is known about possible follow-up changes at higher trophic 
levels in the soil food web. 
The aim of our study is to elucidate the belowground impact of S. gigantea on multiple 
WURSKLFOHYHOVLQWKHVRLOIRRGZHE7RDOORZWKHLGHQWLÀFDWLRQRIJHQHULFHͿHFWVRIORFDO*LDQW
goldenrod invasions, two contrasting invaded environments were taken into consideration: 
riparian zones and semi-natural grasslands (characterised by river clay and sandy soils respec-
tively). This approach enabled us to test the following hypotheses: 1) the local increase of the 
fungal biomass as a result of invasion by Giant goldenrod is a widespread phenomenon. 2) if 
this invasive plant species provokes a general stimulation of the fungal community, increased 
densities should be observed for all lineages of fungal feeding nematodes in both habitats. 
However, in case of an asymmetric boost of the fungal community (i.e. only a subset of fungal 
WD[DDUHEHQHÀWWLQJDQDV\PPHWULFVWLPXODWLRQRIIXQJLYRURXVOLQHDJHVFDQEHH[SHFWHGJLYHQ
WKDWOLQHDJHVRIIXQJLYRURXVQHPDWRGHLQGHHGGLͿHULQWKHLUIRRGSUHIHUHQFHVDVVXJJHVWHGE\
Vervoort et al., 2012. 3) if the local decrease of the bacterial biomass caused by Giant goldenrod 
LQYDVLRQDVREVHUYHGE\6FKDUI\HWDOLVDJHQHUDOLQYDGHUGULYHQHͿHFWWKLVVKRXOG




Ten S. gigantea-invaded sites were selected in two semi-natural habitats: riverbanks of the 
Rhine and the Walloon and grasslands on Pleistocene sandy soils. Sites were selected within 
an area of approx. 200 km2 in the central part of The Netherlands (Suppl. Table S1). In this 
area, naturalised S. gigantea plants are present since 1912 (Te Linde and Van den Berg, 2003). In 
riparian habitats, S. gigantea is mainly introduced by surface waters, which carry (fragments 
of) plants that can sprout under favourable conditions elsewhere (Weber and Jakobs, 2005). 
The semi-natural grasslands studied here were located relatively close to inhabited areas. Bee-
keepers and gardeners introduced S. gigantea to these areas. All selected sites met the following 
criteria: 1) Solidago giganteaRFFXUUHGLQZHOOGHÀQHGSDWFKHVLQWKHQDWLYHYHJHWDWLRQVRLODQG
vegetation showed no signs of disturbances caused by e.g. foraging wildlife or mowing, 3) soils 









of 20 randomly taken soil cores (Æ 1.5 cm, depth: 25 cm) that were homogenised thoroughly, 
immediately thereafter this mixture was stored at 4°C. Sampling took place during the week 
of September 12th 2011, when the plant community was at peak standing biomass. One month 
before, nematode diversity of all 10 sites of this study was assessed microscopically (for details 
see Suppl. Table S2).
Vegetation analysis
In each plot (n DOOVSHFLHVRIKLJKHUYDVFXODUSODQWVZHUHUHFRUGHGDQGYDOXHGRQDQRUGLQDO
scale, based on abundance or coverage (Suppl. Table S3 and S4). Community characteristics 
were determined by calculating the species richness (S) and the Shannon diversity (H’) as 
described in Hejda et al., 2009.
Soil acidity and humidity
A subsample (20 g) of each composite soil sample was used to determine the moisture content 
and pH-H2O. Soil moisture content was determined by weight loss after 72 h incubation 
at 40°C. The dried soil was sieved with a 2 mm mesh; thereupon soil pH was measured in 
demineralised water using a gel-electrolyte electrode (Sentix 21, WTW, Weilheim, Germany). 
Nematode extraction and community analysis
For each of the composite samples, a 100 g subsample was taken, and nematodes were extracted 
using an elutriator (Oostenbrink, 1960). Nematode suspensions were analysed microscopically, 
RUE\DT3&5EDVHGPHWKRG9HUYRRUWHWDO
Microscopic analysis (of samples collected in August 2011) was used to assess the nematode 
community composition for invaded and native plots in each of the habitats. Communities 
ZHUHFKDUDFWHULVHGE\WKHPRUSKRORJLFDOLGHQWLÀFDWLRQWLOOJHQXVOHYHORILQGLYLGXDOVSHU
sample (soil from under invaded vegetation and native vegetation was analysed separately 
for each site (n IRUGHWDLOVVHH6XSSO7DEOHV6DQG62QWKHEDVLVRIWKLVQHPDWRGH
ELRGLYHUVLW\LQYHQWRU\VHWVRIWD[RQVSHFLÀF3&5SULPHUFRPELQDWLRQVZHUHVHOHFWHGKHUHE\
optimizing the coverage of the molecular assays.
For the samples collected in September 2011, overall nematode densities were determined 






terol is a sterol that is present in fungal cell membranes, and which does not occur in plant or 
animal cells (Gessner and Schmitt, 1996, Van Der Wal et al., 2006, Stahl and Parkin, 1996). This 






the samples (de Ridder-Duine et al., 2006).
Data analysis
Soil properties, vegetation, and nematode densities were analysed using mixed linear models 
XVLQJ352&0,;('RIWKH6$6VRIWZDUHV\VWHPYHUVLRQVHH/LWWHOO,IQHHGHGGDWD
were transformed, in order to arrive at approximately normal distributions of residuals as 
UHTXLUHGIRUYDOLGVWDWLVWLFDOLQIHUHQFH7KHYDULDEOHVVRLOS+PRLVWXUHFRQWHQWSODQWVSHFLHV
ULFKQHVVDQGGLYHUVLW\UHPDLQHGXQWUDQVIRUPHGQHPDWRGHGHQVLWLHVZHUHVTXDUHURRWWUDQV-
formed; and all other variables (ergosterol and nematode densities) were log-transformed. The 
log-transformation was applied after addition of a constant (0.05 for ergosterol, and 0.5 for the 
nematode densities with the exception of Dorylaimidae D3) to push data away from the lower 
bound zero. Mixed linear models were used, because multiple observations from the same 
ORFDWLRQDQGRUSORWSDLUZLWKLQORFDWLRQDUHQRWQHFHVVDULO\XQFRUUHODWHG7KHH[SHULPHQWDO
design here is a split-split-plot design with locations as main plots (associated with factor 




plots, so that total error variance is split into variance components for locations, for plot pairs 
within locations, and for neighbouring plots within plot pairs. We present the following results 
IURPWKHPL[HGPRGHOVK\SRWKHVLVWHVWVIRULQWHUDFWLRQDQGPDLQHͿHFWVRIIDFWRUVKDELWDW
DQGLQYDVLRQDQGEDFNWUDQVIRUPHGFRQÀGHQFHLQWHUYDOVIRUPHDQVSHUKDELWDWDQG
invasion, and the ratios (impact (%)) of back transformed means for invaded and un-invaded 
SORWVSHUKDELWDWWRJHWKHUZLWKDVWDWHPHQWDERXWWKHVLJQLÀFDQFHRIWKHGLͿHUHQFHEHWZHHQ
invaded and un-invaded plots.
Results 
Changes in native vegetation upon S. gigantea invasion
,QWRWDOZHLGHQWLÀHGDQGYDVFXODUSODQWVSHFLHVLQULSDULDQYHJHWDWLRQDQGVHPLQDWXUDO
grasslands, respectively. In invaded plots, 35 and 39 vascular plant species were recorded, re-
spectively. For invaded vegetation, plant-species richness (S) and diversity (H’ZHUHVLJQLÀFDQWO\
lower compared to native vegetation (P < 0.001; Table 1 and Fig. 1). Common native species 
largely determining the plant community (e.g. Jacobaea vulgaris, Holcus lanatus, Achillea millefo-
lium, Dactylis glomerata, and Plantago lanceolata; Suppl. Tables S2 and S3) were almost absent in 
invaded vegetation. Relatively rare species such as Achillea ptarmica, Epipactis sp. and Odontites 
vernus subsp. serotinus  (only present in riparian zones), and Filago vulgaris (only present in 
semi-natural grasslands) were completely absent in the plots invaded by S. gigantea. On the 
other hand, Ground ivy, Glechoma hederaceaZDVHLWKHUXQDͿHFWHGE\S. gigantea or had more 
cover in invaded vegetation.
Impact of S. gigantea invasion on soil acidity and humidity



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































EXWVLJQLÀFDQWO\ORZHUS+·VLQLQYDGHGVRLOVP < 0.001; Table 1). Soil moisture content tended 
WREHORZHULQLQYDGHGSORWVEXWWKLVHͿHFWZDVQRWVLJQLÀFDQWP 7DEOH In general, 
WKHVRLOS+XQGHUVHPLQDWXUDOJUDVVODQGVZDVǀXQLWVORZHU7DEOHDQGPRUHYDULDEOH
as compared to the riparian plots (P < 0.001; Tables 1, 2). The average moisture content of ri-
SDULDQFOD\VRLOVZDVKLJKHUDOWKRXJKQRWVLJQLÀFDQWO\DVFRPSDUHGWRWKHVDQG\VRLOVRIWKH
semi-natural grasslands (Table 1).
Impact on fungal biomass
2YHUDOOVRLOIURPLQYDGHGSORWVFRQWDLQHGVLJQLÀFDQWO\KLJKHUDPRXQWVRIIXQJDOELRPDVV
compared to un-invaded plots (P < 0.001; Table 1 and Fig. 1). Fungal biomass was approxi-
mately twice as high in soil collected from S. gigantea invaded vegetation, compared to plots 
with native vegetation (Table 2). Comparison of the two habitats suggests that fungal biomass 
in the un-invaded, semi-natural grasslands is higher than the biomass detected in the riparian 
VLWHVQV(VWPHDQDQGPJHUJRVWHUROSHUNJVRLOUHVSHFWLYHO\ZKHUHDVWKHIXQJDO
ELRPDVVSURPRWLQJHͿHFWRI*LDQWJROGHQURGZDVDSSDUHQWO\PRUHSURQRXQFHGLQVRLOFROOHFWHG
from the riparian habitat (ns; Tables 1, 2).
Changes in nematode assemblages upon S. gigantea invasion
Overall, total nematode densities (determined microscopically) were similar in neighbouring 
invaded and un-invaded soils. However, when we investigated the impact of Giant goldenrod 
at nematode taxon level, only one family, i.e. Aphelenchoididae, showed overall higher densities 
in invaded plots, regardless of habitat type (P )LJ$SDUWIURPIXQJLYRUHVWKHIDPLO\
Aphelenchoididae includes a number of (facultative) plant parasites. The primer-combination 
used in this study excludes all plant parasites from this family, except for Aphelenchoides fragari-
ae 9HUYRRUWHWDO7KHDEVHQFHRIWKLVSODQWSDUDVLWLFVSHFLHVZDVFRQÀUPHGXVLQJDQ
additional, A. fragariae-VSHFLÀFPROHFXODUDVVD\5\EDUF]\N0\GORZVNDHWDO'DWDQRW
shown). Aphelenchidae and Diphtherophoridae (represented in these two habitats by a single 
genus, DiphtherophoraWZRRWKHUIXQJLYRURXVWD[DGLGQRWVKRZDGLͿHUHQFHLQGHQVLW\EH-
tween un-invaded and invaded soil (Fig. 1). For the predatory nematode family Mononchidae 
0VHH+ROWHUPDQHWDODQGEDFWHULYRURXV&HSKDORELGDHDVLJQLÀFDQWLQWHUDFWLRQZDV
observed between habitat type and invasion of S. gigantea (Table 1), showing that the nature 
of their response to invasion is habitat-type dependent.
:KHQFRQVLGHULQJWKHWZRKDELWDWW\SHVVHSDUDWHO\GLͿHUHQFHVEHWZHHQXQLQYDGHGDQG
adjacent invaded soil were more pronounced in the riparian habitats than in semi-natural 
grasslands (Fig. 1, Table 2). While in riparian soils the densities of four out of eleven families 
GLͿHUHGVLJQLÀFDQWO\EHWZHHQLQYDGHGDQGXQLQYDGHGSORWVWKLVZDVREVHUYHGIRURQO\RQH
taxon in semi-natural grasslands (Table 2). In invaded riparian soils, the density of Aphel-
HQFKRLGLGDHZDVVLJQLÀFDQWO\KLJKHUDVZHOODVWKHGHQVLW\RIWZREDFWHULDIHHGLQJIDPLOLHV
Cephalobidae and Alaimidae (Fig. 1, Table 2). Other bacteria feeders did not show a consistent 
UHVSRQVH0RQRQFKLGDH0DIDPLO\RISUHGDWRU\QHPDWRGHVZDVVLJQLÀFDQWO\PRUHDEXQGDQW
in invaded riparian plots as well (P ,QVHPLQDWXUDOJUDVVODQGVZHIRXQGVLJQLÀFDQWO\









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Analysis of samples taken in August 2011 and analysed microscopically, showed that in 
general nematode diversity was similar for both habitats. Approximately 2,000 nematodes were 
LGHQWLÀHGXSWRJHQXVOHYHO,QWRWDOGLͿHUHQWJHQHUDZHUHLGHQWLÀHG,QULSDULDQVRLO




Figure 1. Impact of Solidago gigantea invasion in two habitat types, riparian vegetation and semi-natural 
grasslands, on plant-species richness (Splant), plant-species diversity (H’plant), fungal biomass, total nem-
atode density, and the densities of three fungivorous (‘F’) and six bacterivorous (‘B’) nematode taxa. 
Impacts are expressed as the percentage of the (back transformed) mean values in invaded plots as 
FRPSDUHGWRXQLQYDGHGSORWVQRFKDQJH )RUHDFKRIWKHWZRKDELWDWVVLJQLÀFDQWGLͿHUHQFHV
EHWZHHQ LQYDGHGDQGXQLQYDGHGSORWVDUHJLYHQE\DVWHULVNV 3 3DQG3GDWD





shared by both habitat types. For the riparian soil, 46% of the diversity and an estimated aver-
age of 86% of the total amount of free-living nematodes were covered by these sets of primer 
combinations. For soil from the semi-natural grasslands, the molecular assays covered 50% 
of the free-living nematode diversity and an estimated 80% of the total free-living nematode 
community (Suppl. Table S4).
Discussion 
,QYHVWLJDWLRQRIEHORZJURXQGHͿHFWVRI*LDQWJROGHQURGS. gigantea) in two (semi) natural 
KDELWDWV²ULYHUEDQNVDQGJUDVVODQGV²UHYHDOHGDV\VWHPDWLFHͿHFWRILQYDVLRQRQVRLOS+D
part of the fungal community, and a single lineage of fungivorous nematodes: invaded soils 
of two distinct habitats contained more fungal biomass and higher densities of fungivorous 
Aphelenchoididae than un-invaded soils. Interestingly, the densities of two other lineages 





Giant goldenrod e"ects on soil acidity
The slightly lower pH in invaded plots (Tables 1, 2) may be caused by acidic compounds that 
are released from S. gigantea roots into the rhizosphere (Weber and Jakobs, 2005). Several studies 
focused on the impact of S. gigantea on nutrient pools, and showed a decrease (although site-de-
pendent) in pH in combination with an enhanced P availability (Herr et al., 2007, Chapuis-Lardy 
HWDO,QRXUVWXG\RQO\VPDOOGLͿHUHQFHVLQS+ZHUHPHDVXUHGi.e. on average 0.1 units, 
which seem unlikely to play a role in the observed changes in soil biota. It is noted that pH 
ZDVPHDVXUHGLQEXONVRLODQGPRUHSURQRXQFHGHͿHFWLQWKHUKL]RVSKHUHFDQQRWEHH[FOXGHG
Solidago gigantea invaded plant communities
In S. gigantea-invaded plant communities, we observed a 42% and 55% reduction of plant-species 
richness (Splant) in the riparian and semi-natural grassland habitats, respectively (Table 2). This 
impact is relatively high; in a study of (Hejda et al., 2009) an overall reduction of Splant of 26% 
was reported in ruderal plant communities, meadows and along rivers in the Czech Republic. 
The authors stated that S. gigantea had no decisive community-level impact. In addition, S. 
gigantea had limited impact as compared to other invasive plant species such as Fallopia spp. 
(66% - 86% reduction Splant) and Heracleum mantegazzianum (53% reduction Splant). Our results 
show that the degree of invasiveness of S. gigantea in both habitat types is similar to the impact 
of H. mantegazzianum in meadows and forest edges of the Czech Republic (Hejda et al., 2009).
Solidago giganteaUHQGHUVLQYDGHGSORWVXQÀWIRUPRVWUHVLGHQWQDWLYHSODQWV$WOHDVWLQ
SDUWWKLVFRXOGEHDWWULEXWHGWRWKHKLJKH΀FLHQF\RIS. gigantea in the immobilization of min-
erals such as P and C (Scharfy et al., 2009, Vanderhoeven et al., 2006). For this reason, from 
June onwards the stems and leaves of S. gigantea can become increasingly dense and compete 
successfully for light. As a result, native plants will invest more in vertical growth, and this 
might negatively impact seed production. Moreover, Giant goldenrod releases large amounts 
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of furanoid compounds and acidic compounds in the rhizosphere (Weber and Jakobs, 2005). 
5KL]RGHSRVLWLRQRIWKHVHWR[LFFRPSRXQGVFRXOGDͿHFWUHVLGHQWSODQWVSHFLHVDVZHOODVEH-
lowground communities.
 Despite the success of S. giganteaQRWDOOSODQWVZHUHQHJDWLYHO\DͿHFWHG:HREVHUYHG
a rare and exotic parasitic plant Cuscata gronovii (originally from North America), which had 
strangled and hereby killed S. giganteaSODQWV,WLVDVVXPHGWKDWLQYDVLYHSODQWVEHQHÀWIURP
being released from their natural enemies (Keane and Crawley, 2002). This advantage might not 
persist (Diez et al., 2010), and C. gronovii could become an important factor limiting S. gigantea 
proliferation along rivers.
E"ects on soil food web components by S. gigantea
,QERWKKDELWDWVGLͿHULQJLQVRLOW\SHÁRULVWLFFRPSRVLWLRQDQGODQGXVHKLVWRU\ZHIRXQG
VLJQLÀFDQWEHORZJURXQGHͿHFWVRIS. gigantea on soil acidity, fungal biomass, and the density 
of Aphelenchoididae, a single lineage of fungivorous nematodes. The consistency of these 
HͿHFWVVXJJHVWVWKDWWKH\DUHJHQHUDOFRQVHTXHQFHVRIWKHGRPLQDQWSUHVHQFHRIS. gigantea in 
LWVLQYDGHGUDQJH%HVLGHRYHUDOOHͿHFWVZHREVHUYHGKDELWDWDQGVLWHVSHFLÀFUHVSRQVHVRI
other nematode taxa (Fig. 1 and Table 1).
5HJDUGLQJWKHLQFUHDVHRIIXQJDOELRPDVVDQGWKHGLͿHUHQWLDOVKLIWREVHUYHGIRUIXQJLYRURXV
nematodes, our results suggest that invasion of S. gigantea causes an asymmetric boost of the 
 Figure 2. Pictures of the head regions of representatives of the fungiv-
orous nematode genera Aphelenchoides, Aphelenchus and Diphthe-
URSKRUDSLFWXUHVWDNHQDW[PDJQLÀFDWLRQ7RSXQFWXUHWKHIXQ-
JDO FHOOZDOOV IXQJLYRUHV DUH HTXLSSHGZLWKDKDUGHQHGSURWUXVLEOH
piercing device (stylet or spear, indicated by arrows). The protrusibili-
ty is facilitated by muscles attached to the knobs or swellings at the 
basal part of this piercing device. The stylet of Aphelenchoides species 
is slender with easily observable basal knobs, whereas the stylet of 
Aphelenchus is characterized by slight basal swellings only. Diphthe-
URSKRUDKDVDVKRUWVSHDUGLͿHUHQWRQWRJHQ\DVFRPSDUHGWRDVW\OHW
with a basal swelling of the spear extension.  
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soil fungal community. We hypothesise that S. gigantea’s presence promotes the growth of a 
subset of taxa within the fungal community, and that only fungivorous Aphelenchoididae were 
DEOHWREHQHÀWIURPWKHVHOHFWLYHLQFUHDVHLQQXWULWLRQDOUHVRXUFHV,Q)LJWKHKHDGUHJLRQVRI
WKHWKUHHIXQJLYRURXVQHPDWRGHJHQHUDDUHVKRZQ$OORIWKHPDUHHTXLSSHGZLWKDSURWUXVLEOH
piercing device that is used to puncture the fungal cell wall. However, the morphologies of 
these devices (indicated by arrows in Fig. 2) are distinct, and this could point at disparate 
food preferences. In in vitro studies, Aphelenchoides saprophilus has been shown to multiply on 
various mycorrhizal and saprophytic fungal species, whereas Tylolaimophorus, a member of 
the Diphtherophoridae, would not survive on any of these fungi (Ruess and Dighton, 1996). 
Another Aphelenchoides species, A. hamatus, could feed and multiply on mycelium from four 
plant parasitic and a range of edible fungal species (Ruess and Dighton, 1996, Rössner and 
Nagel, 1984). Among the Aphelenchidae, a family relatively unrelated to the Aphelenchoid-
idae (Van Megen et al., 2009), Aphelenchus avenae was reported to prefer plant parasitic fungi 
to saprophytic species (Okada and Kadota, 2003). This information shows that at least some 
fungivorous members of the Aphelenchoididae are polyphagous, and our data suggest this 
FRXOGEHGLͿHUHQWIRUWKHWZRRWKHUPDMRUOLQHDJHVRIIXQJLYRURXVQHPDWRGHV'LSKWKHURSKR-
ridae and Aphelenchidae.
Soil born organisms facilitate S. gigantea success
The colonisation of Giant goldenrod represents a hazardous factor at the plant community 
and the landscape scale. After all, we found that next to ruderal communities (Hejda et al., 
DOVRUHODWLYHO\ELRGLYHUVHDUHDVDUHDͿHFWHG&RPSDUHGWRPRVWUHVLGHQWSODQWVSHFLHV
S. giganteaKDVDKLJKQXWULHQWH΀FLHQF\DQGELRPDVVSURGXFWLRQ9DQGHUKRHYHQHWDO
Scharfy et al., 2009), assumedly because invaders are generally exposed to more favourable 
plant-soil feedback interactions than their native neighbours (Klironomos, 2002). The results 
reported here show that the nematode community in S. giganteaLQYDGHGVRLOLVVLJQLÀFDQWO\
GLͿHUHQWIURPQHLJKERXULQJVRLOXQGHUWKHQDWLYHÁRUD7KLVLVLQGLFDWLYHRIDVKLIWLQWKHLU
food source, namely the microbial community. We reinforce this hypothesis by the fact that 
we encountered a two-fold increase of fungal biomass in soil under invaded vegetation. In 
line with this, considering the impact of plant-soil feedbacks on the invasiveness of S. gigantea, 
the fungal community most probably plays an important role. In order to better understand 
the invasive success and future perseverance of S. giganteaLQ(XURSHZHZLOOLQYHVWLJDWHWKH
QDWXUHRIWKHFKDQJHVLQWKHPLFURELDOFRPPXQLWLHVDQGWKHZD\WKHVHFKDQJHVDUHUHÁHFWHG
in the bacterivorous and fungivorous nematode assemblages in more detail.
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genic fraction can have a high economic impact on food and feed production. The use of 















of these shifts could be attributed to the release of ITCs. Moreover, direct application of 
DUHODWLYHO\KLJKFRQFHQWUDWLRQRI,7&GLGQRWUHVXOWLQVKLIWVWKDWGL;HUHGLQGHJUHHIURP
WKRVHREVHUYHGIRUWKHFRQWUROWUHDWPHQW:HWKHUHIRUHFRQFOXGHWKDWWKHREVHUYHGFKDQJHV
in nematode assemblages are related to intense mechanical disturbance, green manure and 
the absence of host plants for obligatory plant-parasitic nematode genera, rather than to 




For decades, the use of fumigants in agriculture has been a widespread practice to control 
soil borne pests (Gamliel et al., 2000). More recently, most synthetic biocides, e.g. chloropicrin 
and methyl bromide, were placed under strict legislation or banned entirely because of their 
negative impact on the environment (Gamliel et al., 2000, Ruzo, 2006). These restrictions have 
created a need for alternative management practices. Biofumigation, i.e., the use of Brassica green 
manures for pest control, is considered one of the alternatives (Matthiessen and Kirkegaard, 
2006). Plants within the family Brassicaceae are known to produce glucosinolates (GSLs). A 
major group of hydrolysis products of these GSLs, isothiocyanates (ITCs), act as general bio-
cides (Brown and Morra, 1997). Due to the short release time and half-life of GSLs and ITCs in 
VRLOV*LPVLQJDQG.LUNHJDDUGGLUHFWWR[LFHͿHFWVRQVRLOERUQHSDWKRJHQVDUHH[SHFWHG
within hours to days after biofumigation. 
Although biofumigation is often viewed to be less harmful for the environment and soil 
communities as compared to synthetic fumigants (Matthiessen and Kirkegaard, 2006), these 
natural mixes of GSLs hydrolysis products can be just as, or even more toxic than synthetic 
SHVWLFLGHV*LPVLQJDQG.LUNHJDDUG,7&VFDQDͿHFWDEURDGVSHFWUXPRIVRLORUJDQLVPV
and may leave previously stable soil food webs vulnerable, as shown for the synthetic fumi-
gant metam sodium (sodium N-methyldithiocarbamate; Cao et al., 2004{Cao, 2004 #2150}). 





range from high levels of suppression (e.g. Mojtahedi et al., 1993, Rahman and Somers, 2005) 
to no suppression (e.g. Johnson et al., 1992, Stirling and Stirling, 2003). 
Within the soil food web, free-living (i.e., non plant-parasitic) nematodes are represented 
DWWKUHHWURSKLFOHYHOVDQGWKHLPSDFWRIELRIXPLJDWLRQRQWKHVHJURXSVLVOLNHO\WRDͿHFWVRLO
IXQFWLRQLQJ9DULRXVHͿHFWVRIELRIXPLJDWLRQRQIUHHOLYLQJQHPDWRGHVKDYHEHHQUHSRUWHG
After biofumigation, Valdes et al. (2012) observed a decrease in plant-parasitic nematodes and 
an increase of bacterivorous nematodes. Stirling and Stirling (2003) observed only an increase 
RIIUHHOLYLQJQHPDWRGHVZKLOH*UXYHUHWDOGLGQRWREVHUYHDQ\HͿHFW,WLVKDUGWR
OLQNWKHVHUHVXOWVXQHTXLYRFDOO\WRWKH*6/UHOHDVHGXULQJELRIXPLJDWLRQDVWKHVHH[SHULPHQWV







and free-living nematodes using a DNA-based method (Vervoort et al., 2012) at the start of the 
growing season as well as just before and at several time points after biofumigation of four 
Indian mustard (Brassica junceaFXOWLYDUVGLͿHULQJLQWKHLU*6/FRQWHQW7KHELRPDVVDQG*6/








Münster, Germany, in 2010. Soil type was a medium loamy sand consisting of 9.2% clay, 13.6% 
silt and 77.2% sand with 1.3% organic matter and a pH (CaCl2) of 6.4. Soil nutrient status at 
time of planting was 32 mg 100 g-1 P2O5 (above optimum), 17 mg 100-1 g K2O (optimum) 
and 6 mg 100 g-1 Mg (optimum). Total available mineral nitrogen and sulphur were 52 kg N 
ha-1 and 42 kg S ha-1, respectively. The experimental plot was prepared on July 7th 2010 by 
ploughing the remaining stubbles of the previous maize (Zea mays) crop and applying 292 kg 
ha-1 hydrosulfan (24% N, 6% S, Yara GmbH, Germany), i.e., 70 kg N ha-1 and 17.5 kg S ha-1, 
to ensure optimum plant growth. 
Experimental design
Four B. junceaFXOWLYDUVZHUHXVHG7HUUDÀW7HUUDWRS7HUUDSOXV3+3HWHUVHQ6DDW]XFKW
Lundsgaard GmbH) and ISCI-99 (Bluformula, Italy). Cultivar ISCI-99 was selected as a high 
GSL producer. As a control (a non-GSL crop), wheat (Triticum aestivum cv. Hermann) was chosen. 
Sinigrin (2-propenyl GSL) is the dominant GSL type in Indian mustard. Its concentration in 
roots and stems decreases gradually during development, whereas it increases in leaves and 
reproductive organs of B. juncea (Bellostas et al., 2007). At the time of incorporation the plant 
ZHUHLQRUMXVWEH\RQGWKHÁRZHULQJVWDJH$VDSRVLWLYHFRQWUROWKH,7&GHULYDWLYHRIVLQLJULQ
2-propenyl ITC, was directly applied in the wheat plots (see section 2.4).
A randomised block design with four replicates was used, and the plot size was 4 x 15 m. 
Based on known germination rates, plants were sown at densities of 12 kg ha-1 for B. juncea cvs. 
7HUUDÀW7HUUDWRSDQG7HUUDSOXVNJKDIRUB. juncea cv. ISCI-99, and 176 kg ha-1 for wheat. 
All plots were drilled on the July 9th, 2010, hereafter referred to as day 0 (Fig. 1).
Plant sampling and analysis
Immediately before biomass incorporation (day 59), plants were sampled from 50 x 50 cm 
VXESORWVZLWKLQHDFKSORWDQGURRWDQGVKRRWIUHVKZHLJKWVZHUHGHWHUPLQHG$OLTXRWVHDFKǀ
150 g fresh weigh) were collected to determine root and shoot dry weight (weight loss after 24 
hrs at 70°C). From each B. juncea plot, ten plants were randomly collected, divided into roots 
and shoots, and plant parts were immediately frozen and kept at -80°C. The plant material was 
freeze-dried, pulverized with an oscillating mill (MM2, Retsch, Germany) and the resulting 
plant powder was stored till further chemical analysis. The GSLs were extracted from a 200 
PJVXEVDPSOHXVLQJP/PHWKDQROZDWHUYROYRODW&2QHPORI*6/H[WUDFW
ZDVORDGHGRQDPLFURFROXPQÀOOHGZLWK'($(²$6HSKDGH[&$61XPEHU
Sigma-Aldrich, Germany), The extracted GSLs were then converted into desulfo-GSL’s by 





was made internal standard-based (see also Schütze et al., 1999). Finally, GSL yield per hect-
are was calculated based on GSL concentration of the plant material and plant dry biomass. 
C and N content of the B. juncea plant material was determined using an elemental analyser 
,QWHUVFLHQFH&DUOR(UEDW\SH($
Biofumigation
On day 59, B. juncea and T. aestivum plant material was chopped and incorporated into the soil. 
)RUWKLVDWUDFWRUGULYHQÁDLOPRZHUZDVXVHGDQGSODQWSDUWVZHUHLPPHGLDWHO\LQFRUSRUDWHG
into the top 20 cm of soil with a rotary tiller. Afterwards, the soil surface was slightly rolled 
to close soil pores and thus reduce evaporation of the ITC’s. As a positive control, 2-propenyl 
ITC was applied directly to the soil. For this purpose, two subplots of 4 m2 each were select-
ed in each of the four wheat plots. These subplots were treated, after the plant material was 
chopped and prior to incorporation, with 10 l m-2 of a low (1.2 mmol l-1) or a high (4.8 mmol 
l-1) concentration of 2-propenyl ITC (CAS Number 1476-23-9, 95% purity, Aldrich, Germany). 
The low concentration treatment was selected to mimic an approximate 100% conversion 
of the total expected GSL yield of the cultivars into 2-propenyl ITC. The high concentration 
WUHDWPHQWZDVFKRVHQWRGHPRQVWUDWHWKHHͿHFWRIDQDUWLÀFLDOO\KLJK,7&FRQFHQWUDWLRQRQ
the nematode community. 
Soil sampling and nematode extraction
Bulk soil samples were taken on day 3, 59 (just before biofumigation), 60 (one day after biofu-
PLJDWLRQDQG)LJ(DFKVDPSOHFRQVLVWHGRIFRUHVFPWDNHQIURPWKHWRS
cm following a grid pattern of 3 x 10 m per plot. Samples were then mixed thoroughly, sieved 
over a 5 mm grid to remove stones and large organic debris and stored at 4°C. 
1HPDWRGHVZHUHH[WUDFWHGIURPPODOLTXRWVRIWKHEXONVRLOLQDQ2RVWHQEULQNHOXWULDWRU
(Oostenbrink, 1960). Nematode density was determined by counting two subsamples of 5 ml out 
RIPODWORZPDJQLÀFDWLRQXQGHUDQLQYHUWHGPLFURVFRSH$IWHUFRXQWLQJWKHVXEVDPSOHV
were poured back. One half of each suspension (50 ml) was used for microscopic analysis of 
SODQWSDUDVLWLFQHPDWRGHV)RUWKLVSXUSRVHQHPDWRGHVZHUHÀ[HGE\UHSODFLQJWKHZDWHUZLWK
'(66VROXWLRQDVROXWLRQFRQWDLQLQJGLPHWK\OVXOIR[LGH'062GLVRGLXP('7$DQG1D&O






Nematode taxon selection was based on two microscopic analyses of the overall nematode 
community composition: just before the start of the experiment (May 2010) and on day 81 of 






D1, D3 and M3 were used according to Holterman et al. (2008). For the family Plectidae, sep-
arate primers were used targeting either Anaplectus or Plectus (the only other representative 
RIWKLVIDPLO\LQRXUÀHOG0DQ\QHPDWRGHIDPLOLHVZHUHUHSUHVHQWHGE\DVLQJOHJHQXVVHH
supplementary Table S1). Within this experiment, two families were represented by multiple 
JHQHUD&HSKDORELGDHÀYHJHQHUDDQG'RU\ODLPLGDH'WZRJHQHUD
Data analysis
To compare the plant GSL, C and N content on the day of biofumigation (day 59) and the 
concentrations of the GSLs incorporated into the soil between the four B. juncea cultivars (n 
 GDWDZDVVXEMHFWHGWRDQ$129$DQDO\VLVIROORZHGE\DOHDVWVLJQLÀFDQWGLͿHUHQFHWHVW
/6''LͿHUHQFHVLQQHPDWRGHGHQVLWLHVWRWDORUWD[RQEHWZHHQWKHWUHDWPHQWVSHUHDFK
sampling time were tested using a Kruskal-Wallis test. The same test was applied to compare 
relative changes in nematode densities due to incorporation of plant material between the four 
B. junceaFXOWLYDUVDQGWKHZKHDWFRQWUROSORWVGD\²WRWDORUWD[RQ:LWKUHJDUGWRWKH
comparison of densities of free-living nematode taxa between day 59 and 60, 12 samples were 
DQDO\VHGLQVWHDGRIGXHWRWKHORVVRIIRXUVDPSOHVGXULQJSURFHVVLQJIRUT3&5DQDO\VLV
7KH.UXVNDO:DOOLVWHVWZDVDOVRXVHGWRFKHFNIRUGLͿHUHQFHVLQUHODWLYHFKDQJHLQQHPDWRGH
densities (total or taxon) between the treatments in the wheat plots from day 59 to 60, day 60 
WRDQGGD\WR6LJQLÀFDQWFKDQJHVLQQHPDWRGHGHQVLW\WRWDORUWD[RQEHWZHHQ
GLͿHUHQWVDPSOLQJWLPHVZHUHGHWHUPLQHGE\XVLQJHLWKHUDSDLUHGt-test (data were log (x+1) 
WUDQVIRUPHGRUE\D:LOFR[RQ6LJQHG5DQNWHVW7KHUHODWLRQVKLSEHWZHHQWKHTXDQWLW\RI
incorporated GSLs, plant C and N, and changes in nematode densities (total or per taxon) in 
the B. juncea plots were analysed using linear regression. For the wheat plots, linear regression 
was used to determine if there was a relationship between the relative change in nematode 
densities (between day 59 and 60) and the two directly applied ITC concentrations. For all 
WHVWVGLͿHUHQFHVZHUHFRQVLGHUHGVLJQLÀFDQWZKHQP < 0.05. Data were analysed using SPSS 
19 (IBM Corporation).
Results
Points of departure: Glucosinolate contents of Brassica juncea plant material and 
characterization of nematode community 
Just prior to biofumigation (day 59), the glucosinolate (GSL) contents of the shoots and roots 
of the individual Indian mustard cultivars were determined (Table 1). Sinigrin (2-propenyl 
GSL) was the most abundant glucosinolate in the B. juncea plants. Between the four cultivars, 
RQO\PLQRUGLͿHUHQFHVLQ*6/FRQWHQWVZHUHREVHUYHG$VFRPSDUHGWRWZRRWKHUFXOWLYDUVB. 
juncea cultivar Terraplus showed a slightly higher concentration of indole-GSLs in the shoots 
7DEOH$PRQJWKH,QGLDQPXVWDUGFXOWLYDUVQRVLJQLÀFDQWGLͿHUHQFHVZHUHREVHUYHGLQ
sinigrin concentration, the C and N contents of the plant parts, or the total plant biomasses. 
With regard to the nematode communities, both the plant-parasitic and the free-living 
IUDFWLRQZHUHFKDUDFWHULVHG,QWRWDOJHQHUDZHUHLGHQWLÀHGRIZKLFKHLJKWZHUHSODQW
parasites (supplementary Table S1). Five of these plant-parasitic nematode genera, known to 
feed exclusively on higher plants, were included by microscopic analysis; i.e. two ectoparasites 
(Trichodorus and Tylenchorhynchus), two sedentary endoparasites (Heterodera and Meloidogyne) 
Chapter 4 
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and one migratory endoparasite (Pratylenchus). Microscopic analysis revealed that Tylencho-
rhynchus was the most dominantly plant-parasitic genus with densities of 590 ± 379 individuals 
per 100 g dry soil (average ± stdev, n  SUHVHQWLQDOOVDPSOHV7KHVHFRQGPRVWGRPLQDQW
plant parasite was Trichodorus, present in 97% of all samples with an overall average density 
of 107 ± 79 individuals per 100 g dry soil. Heterodera, Pratylenchus and Meloidogyne were only 
incidentally present at low densities of respectively 11 ± 28 (26%), 6 ± 15 (29%) and 3 ± 10 (11%) 





taxa present in at least 50% of soil samples were included for further analysis. These target 
taxa, two plant-parasitic genera and ten free-living nematode taxa (Fig. 2), were taken into 
consideration for the overall analyses. 
Growing season 
Both at the start (day 3) and the end (day 59) of the growing season, total nematode densities 
)LJDQGWKHGHQVLWLHVRILQGLYLGXDOQHPDWRGHWD[DT3&5GDWDIRUIUHHOLYLQJQHPDWRGHV
and microscopic counts for plant parasites) were comparable for all cultivars. Although not 
VLJQLÀFDQWO\GLͿHUHQWWRWDOGHQVLWLHVLQWKHZKHDWSORWVDSSHDUHGWREHUHODWLYHO\ORZGXULQJ
WKHJURZLQJVHDVRQ)LJ$VQRVLJQLÀFDQWGLͿHUHQFHVZHUHREVHUYHGLQ*6/&DQG1FRQ-
tents of the B. junceaFXOWLYDUVDQGLQWKHDEVHQFHRIFOHDUTXDOLWDWLYHRUTXDQWLWDWLYHGLͿHUHQFHV
between the nematode assemblages in the individual plots, we decided to combine all B. juncea 
Table 1.3ODQWELRPDVVDQGWLVVXHFRQFHQWUDWLRQVRIUHOHYDQWHOHPHQWVPHDQ6'Q IURPIRXUBrassica 
juncea FXOWLYDUVMXVWSULRUWRELRIXPLJDWLRQ*6/JOXFRVLQRODWHGZGU\ZHLJKW0JPHJDJUDP PHWULF
ton), ha: hectare. Sinigrin is the common name for 2-propenyl GSL. 
  B. juncea cultivar 
  Terrafit Terratop Terraplus ISCI-99 
Shoot GSL, total(mol g-1)  24.2 ± 7.3 16.9 ± 2.9  14.2 ± 2.7  24.8 ± 8.0  
         Sinigrin (mol g-1) 22.6 ± 7.2  15.2 ± 2.7 12.3 ± 2.7  22.9 ± 8.1  
         Indole GSLs (mol g-1)* 1.5 ± 0.1 a 1.7 ± 0.3 ab 1.8 ± 0.2 b 1.9 ± 0.3 ab 
 N (% dw)  1.5 ± 0.1  1.7 ± 0.4  1.3 ± 0.5  1.8 ± 0.4  
 C (% dw) 83.4 ± 2.0  84.3 ± 2.0  82.3 ± 1.3  82.2 ± 2.7  
 Biomass (Mg dw ha-1) 5.9 ± 2.0  6.9 ± 2.3  6.4 ± 2.3  8.8 ± 1.9  
      
Root GSL, total (mol g-1) 20.2 ± 9.8  16.5 ± 7.6  25.9 ± 15.8  33.2 ± 10.1  
       Sinigrin (mol g-1) 15.9 ± 9.5  10.9 ± 6.7 18.5 ± 14.0  27.2 ± 9.5  
       Indole GSLs (mol g-1) 4.3 ± 0.4  5.6 ± 1.3  7.5 ± 2.1  6.1 ± 0.8  
 N (% dw) 1.9 ± 1.1  1.7 ± 0.6  2.1 ± 1.1  2.2 ± 0.8  
 C (% dw) 76.6 ± 1.9  68.8 ± 8.1  75.3 ± 7.0  75.2 ± 5.8  
 Biomass (Mg dw ha-1) 0.9 ± 0.3  1.5 ± 0.6  1.0 ± 0.4  1.0 ± 0.1  
      




samples of each sampling time point for the analyses at family and genus level. Although 
QRRYHUDOOFKDQJHLQQHPDWRGHGHQVLWLHVZDVREVHUYHGLQEHWZHHQGD\DQGVLJQLÀFDQW
VKLIWVZHUHGHWHFWHGIRULQGLYLGXDOWD[D)LJ$VLJQLÀFDQWGHFUHDVHLQGHQVLWLHVRI0RQK\V-
teridae (Fig. 2B, bacterivores) and Mononchida M3 (Fig. 2A, carnivores) was paralleled by an 
increase in densities for Aphelenchidae (Fig. 2A, fungivores) and Tylenchorhynchus (Fig. 2A, 
plant parasites). In wheat plots, the only change between these two sampling times was seen 
IRUWKH0RQRQFKLGD0RIZKLFKGHQVLW\GHFUHDVHGVLJQLÀFDQWO\GXULQJWKHJURZLQJVHDVRQ
(paired t-test, P  
Biofumigation: direct e"ects on nematode community 
The amount of plant GSLs, C and N incorporated into the soil was calculated for each plot of 





Mulching, in fact mechanical de-compartimentalisation of plant tissues, followed by incor-
SRUDWLRQLQWRWKHWRSVRLOUHVXOWHGLQDVLJQLÀFDQWGHFUHDVHLQWKHWRWDOQHPDWRGHGHQVLW\LQWKH
B. junceaSORWVQ SDLUHGt-test, P $SDUWIURP0RQK\VWHULGDHDQG0RQRQFKLGD0
Figure 1. Total nematode density (analysed by microscope) per 100 g dry soil during the growing season 







QHPDWRGHGHQVLW\EHWZHHQGD\VDQGQ SDLUHGt-test 0.059). Fig. 1 could suggest for a 
GLͿHUHQFHLQWKHGHJUHHRIFKDQJHLQWRWDOQHPDWRGHGHQVLWLHVLQWKHWLPHLQWHUYDOGD\GD\
60 between the wheat plots on the one hand and the B. juncea cultivars on the other, but this 
GLͿHUHQFHZDVQRWVLJQLÀFDQW
Mulching-induced hydrolysis of GSLs should result in a rapid release of ITCs in the top-
soil (Gimsing and Kirkegaard, 2006, Gimsing et al., 2009). Hence, we investigated whether 
the concentrations of GSLs in the topsoil (Table 2) could be related to the degree of change in 
nematode densities immediately before and directly after biofumigation. The same approach 
was used to test if there was a relationship between nematode density changes and the ITC 




m2) within the wheat plots. 2-propenyl ITC was directly applied to the topsoil in two con-
centrations. ‘Low’ treatment plots received a dosis comparable to that produced by cultivars 
7HUUDÀW7HUUDWRSDQG7HUUDSOXVWUHDWPHQWVZKHUHDVWKHKLJKFRQFHQWUDWLRQLVHTXLYDOHQWWR
twice the amount produced by ISCI-99. Both the applications of low and high concentrations 
RISURSHQ\O,7&GLGQRWUHVXOWLQDQ\GLͿHUHQFHLQWKHUHODWLYHLQFUHDVHVRUGHFUHDVHVLQWKH
total nematode density, or in the densities of individual taxa between day 59 and 60 (Table 3). 
Biofumigation:  prolonged e"ects on nematode community
7KUHHZHHNVDIWHUELRIXPLJDWLRQGD\WKHWRWDOQHPDWRGHGHQVLWLHVKDGLQFUHDVHGVLJQLÀ-
cantly as compared to day 60, one day after incorporation of the Indian mustard or wheat plants 
Table 2. Calculated concentrations of relevant plant substances from Brassica juncea and Triticum aestivum 
cultivars in the topsoil (upper 20 cm) after biofumigation. For the determination of these concentrations, 
distinct values given for the plant parts (shoots and roots; Table 1) were transformed into either moles or 
weight and added together. For each of the cultivars, mean calculated concentrations in top soil ± SD of 
two types of glucosinolates (GSL), sinigrin (2-propenyl GSL) and indole GSLs, as well as plant C and N 
DQGWRWDOGU\SODQWELRPDVVDUHJLYHQQ 
  B. juncea cv. T. aestivum cv. 
  g
-1 dry soil Terrafit Terratop Terraplus ISCI-99 Hermann 
Sinigrin**  nmol 55.8 ± 7.9a 52.5 ± 12.5a 54.5 ± 12.8a 91.4 ± 9.1b nd 
Indole GSLs nmol 5.3 ± 1.2 9.3 ± 1.6 8.9 ± 3.5 9.1 ± 3.2 nd 
C mol 189.6 ± 52.1 231.6 ± 73.6 208.2 ± 68.7 269.4 ± 56.7 nd 
N mol 2.9 ± 0.8 4.2 ± 1.9 3.1 ± 1.6 5.4 ± 2.1 nd 










the right part of the panels A and B.
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(Fig. 1, paired t-test, P < 0.001). Analyses at the level of individual taxa revealed an increase for 
all groups of free-living nematodes under investigation (Fig. 2). However, the densities of the 
plant-parasitic taxa Trichodorus and TylenchorhynchusVKRZHGQRVLJQLÀFDQWFKDQJH)LJ$
2QO\IRU&HSKDORELGDHZHIRXQGDVLJQLÀFDQWFRUUHODWLRQEHWZHHQWKHGHJUHHRILQFUHDVHDQG
WKHWRWDOTXDQWLW\RIELRPDVVLQFRUSRUDWHG5 F P  
Two months after biofumigation (day 60 compared to day 116), the population increase for 
free-living taxa as observed three weeks after biofumigation (day 81) was still visible, although 
less pronounced. In contrast to these taxa, the population densities of the plant-parasitic taxa 
Tylenchorhynchus and Trichodorus decreased. The relative increase of Monhysteridae was pos-
LWLYHO\FRUUHODWHGZLWKWKHWRWDODPRXQWRISODQWELRPDVVWKDWKDGEHHQLQFRUSRUDWHG5 
0.46, F P $SDUWIURPVKRUWWHUPGLUHFWHͿHFWVRISURSHQ\O,7&7DEOHZH
DOVRORRNHGIRUSRVVLEOHORQJWHUPFRQVHTXHQFHV+RZHYHUQRVLJQLÀFDQWGLͿHUHQFHVLQWRWDO
nematode density or densities of individual nematode taxa between treated and non-treated 
wheat plots between day 60 and 81 (all P RUGD\DQGDOOP ZHUHGHWHFWHG
Table 3.  Impact of low and high 2-propenyl isothiocyanate (2-p ITC) concentrations on total nematode 




48.8 ± 1.6 nmol 2-p ITC g-1 dry soil; high: 195.1 ± 6.5 nmol 2-p ITC g-1 dry soil.
  Treatment P value
c 
 Trophic groupa Control Low High 
Nematode densitym  -27.2 ± 100.1 -185.3 ± 213.6 -107.9 ± 494.9 0.694 
Achromadoridaeq O -25.1 ± 87.8 -38.1 ± 75.5 -38.1 ± 75.5 0.938 
Anaplectusq B -2.6 ± 3.8 -2.7 ± 4.3 -3.2 ± 3.7 0.825 
Aphelenchidaeq F -11.4 ± 8.2 -9.4 ± 7.5 -12.3 ± 6.8 0.967 
Cephalobidaeq B -33.2 ± 89.0 -1.0 ± 122 -55.5 ± 148.2 0.735 
Dorylaimidae D1q O -27.5 ± 34.4 -27.4 ± 34.6 -27.3 ± 34.6 0.980 
Monhysteridaeq B -7.2 ± 32.4 -17 ± 19.4 -16.7 ± 19.4 0.944 
Mononchidae M3q O -9.5 ± 17.2 -0.9 ± 9.8 -5 ± 21.3 0.546 
Panagrolaimidaeq B -4.2 ± 3.0 -4.7 ± 3.9 -4.5 ± 5.1 0.938 
Plectidaeq,b B -82.0 ± 142.5 -80.7 ± 142.9 -82.4 ± 142.7 0.943 
Mesorhabditisq B -26.0 ± 23.2 -24.5 ± 20.5 -29.2 ± 22.6 0.837 
Tylenchorhynchusm PP -129.3 ± 156.8 -31.8 ± 287.8 -301.6 ± 300.9 0.437 
Trichodorusm PP -26.7 ± 92.9 -55 ± 70.2 -39.3 ± 48.7 0.794 

a B: bacterivorous, F: fungivorous, C: carnivorous, O: omnivorous, PP: plant-parasitic







Soil fumigants, among the most rigorous and non-discriminative measures that can be 
taken to control soil-borne pathogens including plant-parasitic nematodes, have even been 
banned in many countries or will be banned in the near future. Hence, there is a strong need 
for alternative, more sustainable control methods. One of the relatively new approaches 
exploits the presence of glucosinolates (GSLs) in many Brassicaceae. GSLs are produced by 
WKHVHSODQWVWRSUHYHQWKHUELYRU\E\SK\WRSKDJRXVLQVHFWV+HUHZHLQYHVWLJDWHWKHHͿHFWV
of various Indian mustard cultivars on targeted and non-targeted fractions of the nematode 
community.
Relationship between GSLs (ITCs) and biofumigation e"ects on di"erent nematode 
taxa
Based on the GSL contents of the plants just prior to incorporation, GSL concentrations in 
the topsoil were calculated. The reportedly high producing cultivar ISCI-99 indeed produced 
the highest yield of GSLs. Overall, the total incorporated biomass and GSL levels of the four 
cultivars were comparable with the levels previously reported for Indian mustard cultivars 
(e.g. Hartz et al., 2005, Morra and Kirkegaard, 2002). 
2QHGD\DIWHUELRIXPLJDWLRQQRVLJQLÀFDQWGLͿHUHQFHVLQGHQVLWLHVRILQGLYLGXDOQHPDWRGH
taxa were detected between the three commercial Indian mustard cultivars on the one hand, 
DQGWKHKLJKSURGXFHU,6&,RQWKHRWKHU:HDUHDZDUHWKDWWKHFDOFXODWHGÀQDO*6/FRQ-
centrations in the topsoil are a precursor of the bioactive ITCs, and that several factors co-de-
WHUPLQHWKHH΀FLHQF\RIWKHGHVLUHGFRQYHUVLRQ8SRQLQFRUSRUDWLRQRI*6/FRQWDLQLQJSODQW
material into the topsoil, the degree of cell disruption of the material (Morra and Kirkegaard, 
DQGWKHDFWLYLW\RIP\URVLQDVHDVLQÁXHQFHGE\WHPSHUDWXUHDQGS+9DQ(\OHQHWDO
FDQKDYHDFRQVLGHUDEOHHͿHFWRQWKHUHOHDVHH΀FLHQF\RI,7&V+RZHYHUDVPXOFKLQJ
and incorporation took place by a standardised procedure and on the same day, a substantial 
GLͿHUHQFHLQFRQYHUVLRQH΀FLHQFLHVEHWZHHQFXOWLYDUVVHHPVXQOLNHO\
 To address the issue of the possible low ITC release, we included treatments in which 
two concentrations of 2-propenyl ITC were directly applied to wheat plots. However, also in 
WKLV´SRVLWLYHFRQWUROµH[SHULPHQWQRGLͿHUHQWLDOFKDQJHLQQHPDWRGHWD[DEHWZHHQWKHORZ
and the high 2-propenyl ITC concentration and untreated wheat subplots could be detected 
7DEOH,ISURSHQ\O,7&LVUHOHDVHGRUGLUHFWO\DSSOLHGWRWKHVRLOLWVYRODWLOLW\LVLQÁXHQFHG
by soil texture and temperature (Price et al., 2005), its degradation rate depends on the activity 
of the in situ soil microbial community (Gimsing et al., 2009, Warton et al., 2003), and its degree 
RIVRUSWLRQLVDͿHFWHGE\WKHRUJDQLFPDWWHUIUDFWLRQLQWKHVRLO*LPVLQJHWDO
Translation of toxicity levels for pathogens derived from in vitro settings to soil systems is 
not straightforward. In one in vitro study with autoclaved silica sand, Zasada and Ferris (2003) 
showed that the LC50 values of 2-propenyl ITC and of the soil fumigant metam sodium were 
similar for the plant-parasitic nematodes Tylenchulus semipenetrans and Meloidogyne javanica. In 
DIROORZXSJUHHQKRXVHVWXG\=DVDGDDQG)HUULVDPHQGHGWRZZELRPDVV
levels) B. juncea into a soil (inoculated with either T. semipenetrans or M. javanica) theoretically 




soil through the plant material had to be up to 70% higher as compared to the in vitro experiment 
in order to achieve the same results. In our study, the concentration of the highest 2-propenyl 
ITC treatment added to the soil of the wheat plots was about 2.5 and 12 times higher than 
the expected LC50 values for the two plant-parasitic nematodes mentioned before.  However, 
ZHGLGQRWREVHUYHDQ\HͿHFWRQQHPDWRGHGHQVLWLHVLQRXUÀHOGH[SHULPHQW$QH[SODQDWLRQ
could be that T. semipenetrans and M. javanica are more susceptible to 2-propenyl ITC than the 
WD[DRFFXUULQJLQRXUÀHOGH[SHULPHQWEXW²PRUHOLNHO\²RWKHUXQNQRZQSDUDPHWHUVPLJKW
hamper the translation of results from in vitro or greenhouse experiments (e.g. Lord et al., 2011, 
=DVDGDDQG)HUULVLQWRÀHOGFRQGLWLRQVZLWKELRIXPLJDWLRQSURWRFROVWKDWZLOOUREXVWO\
reduce (plant-parasitic) nematode populations.
Non-ITC-related e"ects of biofumigation on di"erent nematode taxa
If the observed reduction in total nematode density as well as the decreased densities of most 
free-living nematode taxa (eight out of ten studied taxa) one day after biofumigation are 
XQUHODWHGWR*6/RU,7&FRQFHQWUDWLRQVRWKHUH[SODQDWRU\IDFWRUVVKRXOGLGHQWLÀHG7KHVH
decrements may be related to a combination of mechanical stress (tillage) and or the release 
of compounds other than ITC from the plant material. Little is known about sensitivities of 
individual nematode genera or families to the mechanical stress of tillage, as most studies fo-
FXVRQWKHRYHUDOOHͿHFWRIWLOODJHLQFOXGLQJHQULFKPHQWDWWURSKLFJURXSOHYHOVe.g. Fu et al., 




instance, the genus Achromadora $FKURPDGRULGDHVKRZHGDVLJQLÀFDQWGHFUHDVHRQGD\
(Fig. 2A), while Monhystera (Monhysteridae), which is placed into the same tillage sensitivity 
category as AchromadoraGLGQRW)LJ%,QPDQ\VWXGLHVRQWKHHͿHFWVRIWLOODJHRQQHPD-
tode communities, data are analysed at trophic group level, while the original data, at genus 
level, are not included (e.g./HQ]DQG(LVHQEHLV5DKPDQHWDO7LPSHUHWDO
5HYLHZLQJSULPDU\GDWDIURPWLOODJHVWXGLHVSHUIRUPHGFRXOGJLYHLQVLJKWLQWKHGLͿHUHQWLDO
HͿHFWVRIWLOODJHRQQHPDWRGHJHQHUD
Next to ITCs, non-glucosinolate derived, sulphur-containing compounds are released during 
the incorporation of Brassica plant material in topsoil. In B. juncea,WKHVHVXOÀGHVDUHJHQHUDOO\
less toxic than ITCs but are present in higher concentrations (Bending and Lincoln, 1999). Wang 
HWDOGHPRQVWUDWHGWKDWKLJKFRQFHQWUDWLRQVRIGLPHWK\OGLVXOÀGHDQGPHWK\OVXOÀGH
FRXOGEHUHODWHGWRVXSSUHVVLRQRISDWKRJHQV+RZHYHUDVZHGLGQRWREVHUYHDQ\GLͿHUHQFH
in the degree of nematode decrease between B. junceaDQGZKHDWSORWVZHFDQQRWFRQÀUPWKLV
assumption for our data. We conclude that the observed responses of the free-living nematode 
taxa one day after biofumigation are mainly due to mechanical disturbance.
6XEVHTXHQWHͿHFWVRIELRIXPLJDWLRQRQQHPDWRGHWD[DGHQVLW\
(ͿHFWVRQQHPDWRGHGHQVLWLHVWKUHHZHHNVDQGWZRPRQWKVDIWHULQFRUSRUDWLRQRIPXOFKHG
Indian mustard into the topsoil are supposedly unrelated to the release of ITCs. All densities 




nematode density before biofumigation and 6 weeks after. As also mentioned in their study, the 
increase in the density of free-living nematode taxa is most likely related to the incorporation 








We ascribe the decrease of plant-parasitic nematodes after biofumigation (three weeks and 
two months) to the mere absence of host plants. This option is also considered in the study by 
Valdes et al. (2012), in which a decrease in potato cyst nematodes (PCNs) was observed 6 weeks 
after biofumigation with yellow mustard. However, encysted PCNs can survive for months if 
QRW\HDUVLQDEVHQFHRIDKRVWDQG²PRUHOLNHO\²WKLVGHFUHDVHZDVDWWULEXWHGWRJUHHQPDQXUH
related biotic suppression. Stirling et al. (2001) showed that the density of Tylenchorhynchus 
was very low in bare fallow soil and when planted with sugarcane could return to very high 
numbers. This indirectly suggests that a fraction of the population can survive without a host 
for a long period, and due to its short reproduction cycle it can re-establish high densities 
whenever a host is available again. 
Conclusions
Our results demonstrate that ‘biofumigation’, the release of isothiocyanates due to incorpo-
ration of mulched plant material from four distinct B. junceaFXOWLYDUVGLGQRWGLUHFWO\DͿHFW
plant-parasitic or free-living nematode populations. The observed short-term (day 1 after 
ELRIXPLJDWLRQUHGXFWLRQLQQHPDWRGHGHQVLWLHVZDVQRQGLVWLQFWIURPWKHHͿHFWVRIZKHDW
incorporation, and therefore unrelated to B. juncea-derived GSLs. Also, direct application of 
relatively high concentrations of 2-propenyl ITC (up to around 480 mol ha-1 resulting in 195 
nmol g-1 dry soil) did not result in shifts distinct from those observed in untreated wheat 
plots for the plant-parasitic and free-living nematode taxa under investigation. We therefore 
FRQFOXGHWKDWWKHREVHUYHGGLUHFWDQGVXEVHTXHQWHͿHFWVRIELRIXPLJDWLRQRQWKHQHPDWRGH
community were mainly attributable to a combination of tillage and green manuring, and not 
WRWKHHͿHFWVRIB. juncea-produced ITCs per se.
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with these crop varieties has increased from 1.7 million to 160 million hectares in 2011 (Privalle 
et al., 2012, James, 2011). At a worldwide scale, this acreage is asymmetrically distributed; 
DERXWRIWKLVDUHDLVORFDWHGLQ86$%UD]LODQG$UJHQWLQD-DPHV$VDUHVXOWRI
considerable public concern about the safety with of this new technology, the overall GM crop 
DUHDLQ(XURSHLVYHU\VPDOO
Before commercialisation, newly developed GM crops are subjected to risk assessment. Al-
WKRXJKWKHDPSOLWXGHDQGVWULQJHQF\RIWKHVHWHVWLQJSURFHGXUHVGLͿHUSHUUHJLRQDQGFRXQWU\
most schemes focus on the safety of such GM crops (i.e. harvested plant parts, its derivatives, 





ological soil functioning through changes in the plant’s root physiology, root exudates, and 
OLWWHUTXDOLW\3RZHOO6HYHUDOVWXGLHVKDYHIRFXVHGRQWKHGLUHFWHͿHFWVRI*0FURSVRQ
bacterial and fungal communities, as main organismal groups that use GM crop exudates or 
remains as primary food source, during the growth season of GM crops (e.g. (Gschwendtner 





the free-living nematode community constitutes an informative component of soil food webs 
LQDUDEOHÀHOGV1HKHU%RQJHUV4XDOLWDWLYHDQGRUTXDQWLWDWLYHFKDQJHVLQWKH
composition of nematode assemblages can be indicative for the impact of agricultural practices 
0XOGHUHWDODQGIRUWKHGLͿHUHQWLDOHͿHFWRISODQWJHQRW\SHVRQVRLOELRWD&KDQJHV
LQQHPDWRGHFRPPXQLWLHVDUHQRWRQO\LQGXFHGE\FURSURWDWLRQDQGRUFKDQJHVLQWKHFRP-
position of the plant community (Wardle, 2002) but can even be visible amongst varieties of a 
single crop species (Palomares-Rius et al., 2012). 
Nematodes have occasionally been used as indicators for the impact of GM crops on be-
lowground systems (e.g+|VVHWDO*UL΀WKVHWDO2·&DOODJKDQHWDO7KH




et al., 2012) greatly facilitates the processing of large number of environmental samples in a 
relatively short time span. 
,QWKLVVWXG\ZHFRQFHQWUDWHGRQWKHSRVVLEOHEHORZJURXQGVLGHHͿHFWVRIDPDUNHUIUHH
GM potato (Solanum tuberosumFXOWLYDUPRGLÀHGLQLWVVWDUFKSURGXFWLRQ´0DUNHUIUHHµ
refers to the absence of a plant-transformation marker. Normally starch in potato consists of 
amylose and amylopectin in a ratio of about 1:5 (Broothaerts et al., 2007), but tubers of the 
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cultivar Modena (BASF Science co. GmbH, city, Germany), produce amylose-free starch. This 
was accomplished by the inhibition of the transcription of the granule-bound starch synthase 
(GBSS) gene, which is essential for amylose production. The resulting amylose-free starch, so-
called waxy starch, is clearer, stickier and retrogradates slowly as compared to normal potato 
starch. These characteristics make waxy potato starch an attractive ingredient for a range of 
industrial applications. Because of the nature of this particular trait, the directed inhibition of a 
pathway in the carbohydrate household and the absence of a plant-transformation marker (De 
9HWWHQHWDOLWVSRWHQWLDOHͿHFWVVKRXOGEHVRXJKWLQFKDQJHVLQWKHSODQW·VFDUERK\GUDWH
PHWDEROLVP7KLVFRXOGKDYHFRQVHTXHQFHVIRUWKHFRPSRVLWLRQDQGRUTXDQWLW\RIH[XGDWHV
released in the rhizosphere. 
Our objective was to compare the nematode communities in the close vicinity of roots, 
stolons and developing tubers from various potato varieties, including the GM Modena and 
Karnico, the latter being parental line of Modena. In order to frame potential GM trait-related 
HͿHFWVLQWKHEDFNJURXQGRIYDULDWLRQGXHWRFRQYHQWLRQDOJHQRW\SHYDULDWLRQ*UL΀WKVHWDO
2007), we included four conventional potato cultivars, two with high and two with low starch 
FRQWHQW%HORZJURXQGHͿHFWVZHUHVWXGLHGLQWZRH[SHULPHQWDOÀHOGVDWWZRWLPHSRLQWVGXULQJ
the growth season. Densities of individual nematode taxa were monitored using a recently 
GHYHORSHGTXDQWLWDWLYH3&5EDVHGPHWKRG9HUYRRUWHWDO
Materials and Methods
Study sites and experimental design
7KHH[SHULPHQWZDVSHUIRUPHGDWWZRH[SHULPHQWDOÀHOGV¶90'·DQG¶%8,·ORFDWHGDWDS-
proximately 10 km distance of each other in the province of Drenthe, the Netherlands. Soil from 
VMD was characterized as a sandy peat soil (organic matter: 26%, pH (H2O): 5.0) and the soil 
IURPÀHOG%8,DVORDP\VDQGRUJDQLFPDWWHUS++27KHZDWHUUHWHQWLRQUDQJHG
IURPDW90'WRDWWKH%8,ORFDWLRQ+DQQXODHWDO$WHDFKÀHOGVL[
GLͿHUHQWSRWDWRSolanum tuberosum) cultivars were grown; two cultivars have relatively high 
growth rates and a low starch content: ‘Premiere’ (P) and ‘Désirée’ (D), four cultivars with a 
relatively low growth rate and high in starch content: ‘Aveka’ (A), ‘Aventra’ (Av), ‘Karnico’ (K), 
DQGDQDP\ORVHIUHHSRWDWRFXOWLYDUQDPHG0RGHQD0(DFKÀHOGFRQVLVWHGRIIRXUUHSOLFDWH
plots per cultivar (24 plots in total), which were distributed using a randomized complete block 
GHVLJQ(DFKSORWFRQWDLQHGSODQWVGLYLGHGRYHUIRXUULGJHV
Soil sampling and nematode extraction
$WERWKH[SHULPHQWDOÀHOGVVRLOVDPSOHVZHUHWDNHQDWWZRWLPHSRLQWVLQWKHJURZWKVHDVRQ
RQ-XO\WKÁRZHULQJVWDJHDQG$XJXVWWKLQVHQHVFHQFHVWDJH3HUSORWDFRPSRVLWH
soil sample was taken, consisting of 16 cores (Ø 2 cm, depth 20 cm) taken from the four potato 
ridges in each plot, and was stored at 4 °C until further use. Nematodes were extracted from 
100 ml bulk soil using an elutriator (Oostenbrink, 1960). Nematode densities were determined 







Nematode suspensions (n = ZHUHXVHGIRU'1$H[WUDFWLRQDQGO\VDWHSXULÀFDWLRQ3XUL-
ÀHG'1$H[WUDFWVZHUHXVHGDVDWHPSODWHLQT3&5XVLQJQHPDWRGHWD[RQVSHFLÀFSULPHU
combinations (for details see Vervoort et al., 2012). A microscopic analysis of the nematode 
biodiversity at the two locations (sampling time: July 2010, see Supplementary Table S1) was 
XVHGWRVHOHFWWKHPRVWLQIRUPDWLYHWD[RQVSHFLÀF3&5SULPHUFRPELQDWLRQV,QWRWDOSULPHU
FRPELQDWLRQVVSHFLÀFIRUIUHHOLYLQJWD[DZHUHVHOHFWHGIRUT3&5DQDO\VLVRIWKHVDPSOHV2I
these 12 analysed taxa, four taxa, Anatonchidae, Dorylaimidae D3, Metateratocephalidae and 
Mylonchulidae, were present in less than 50 % of all samples and were not included in the 
full data analysis (Table 1). 
Data analysis
1HPDWRGHGHQVLWLHVZHUHDQDO\VHGXVLQJPL[HGOLQHDUPRGHOVXVLQJ352&0,;('RIWKH6$6
software system version 9.2, see (Littell et al., 2006)). With the exception of the total nematode 
densities, all data were transformed to obtain approximate normal distributions of residuals as 
UHTXLUHGIRUYDOLGVWDWLVWLFDOLQIHUHQFH&HSKDORELGDHGHQVLWLHVZHUHVTXDUHURRWWUDQVIRUPHG




plots, and residual error. In addition, because of the special interest in the comparison of the 
VWDUFKPRGLÀHGSRWDWR0RGHQDZLWKWKHSDUHQWDOLVROLQH.DUQLFRWKHGLͿHUHQFHVLQQHPDWRGH





granule-bound starch synthase (GBSS) gene, a gene encoding an essential enzyme in amylose 
ELRV\QWKHVLVLQSRWDWRQRVLJQLÀFDQWGLͿHUHQFHVLQQHPDWRGHGHQVLWLHVERWKRYHUDOODQGDW







nematode density was similar for both locations (Fig 1. and Table 2). Nematode density at 
the VMD location remained comparable over time, while at the BUI location total nematode 
GHQVLW\ZDVORZHURQWKHVHFRQGVDPSOLQJGDWHFRPSDUHGWRWKHÀUVW7DEOHDQG)LJ7KH
T3&5PRQLWRUHGWD[DLQFOXGHGLQWKLVDQDO\VLVHQFRPSDVVHGÀYHEDFWHULYRURXV%RQHIXQ-
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50% of all samples (n  ERWKORFDWLRQVFRPELQHGWKHGHQVLWLHVRIWKHWD[D$SKHOHQFKLGDH
(fungivore), Panagrolaimidae (bacterivore), Mononchidae M3 (predator) and Dorylaimidae D3 
(omnivore) were relatively low as compared to the other taxa (on average below 10 individuals 
per 100 g dry soil)
both locations, the bacterivorous families Plectidae and Cephalobidae were the most abun-
GDQWO\DQGFRQVLVWHQWO\SUHVHQW¶/RFDWLRQ·KDGDVLJQLÀFDQWHͿHFWRQGHQVLWLHVRIÀYHRXWRIWKH
eight taxa covering all occurring feeding habits (Table 1): the densities of Achromadoridae (O), 
Aphelenchidae (F), Cephalobidae (B) were higher at the BUI location (Table 1 and 2, P-values: 
DQGUHVSHFWLYHO\ZKLOHWKHRYHUDOOGLͿHUHQFHLQERWKWLPHSRLQWVFRPELQHG
the density of the taxa Mononchidae M3 (C) and Prismatolaimidae (B) was higher at the VMD 
location (Table 1 and 2, P-values: <0.001 and 0.004, respectively). 
7LPHRIVDPSOLQJKDGDVLJQLÀFDQWHͿHFWRQWKHGHQVLWLHVRIWKHWD[D$FKURPDGRULGDH
Aphelenchidae and Plectidae (Table 1). For the families Aphelenchidae, Cephalobidae and 
Plectidae, there was an interaction of time and location (Table 1). At both locations, Achroma-
doridae increased both in abundance (Table 2) and occurrence (BUI: from 76% to 97%. VMD: 
from 50% to 88%). As mentioned before, the predominantly fungivorous family Aphelenchidae 
was overall present in relatively low numbers and showed a decrease in abundance (Table 2) 
as well as occurrence (100% to 58%) at the BUI location and an increase in abundance (Table 
2) and slightly in occurrence (38% to 50) at the VMD location. For the bacterivorous family 
Cephalobidae the average density decreased over time for Location BUI, but increased for 
Figure 1.1HPDWRGHGHQVLW\JGU\VRLOLQVRLOSODQWHGZLWKVL[GLͿHUHQWSRWDWRSolanum tubero-
sumFXOWLYDUVLQFOXGLQJWKHJHQHWLFDOO\PRGLÀHGZD[\VWDUFKYDULHW\0RGHQDRIRQHRIWKHRWKHUÀYH










sive risk assessment. Apart from testing the safety of resulting products on the end-consumers, 
KXPDQVRUOLYHVWRFNWKLVULVNDVVHVVPHQWDOVRLQFOXGHVWKHWHVWLQJIRUSRVVLEOHDGYHUVHHͿHFWV
RQWKHHQYLURQPHQW,QWKLVVWXG\ZHPHDVXUHGWKHEHORZJURXQGHͿHFWRID*0ZD[\VWDUFK
potato cultivar, as compared to its untransformed parental line and four other conventional 
SRWDWRFXOWLYDUVZLWKGLͿHUHQWVWDUFKFRQWHQWVGXULQJWKHLUJURZLQJVHDVRQ1HPDWRGHVDUH
trophically diverse, and changes in the bacterial or fungal community will be observable as 




waxy starch cultivar Modena) was detected in the total nematode density or in the densities 
RIWKHLQGLYLGXDOWD[D+RZHYHUFOHDUHͿHFWVRIVDPSOLQJWLPHDQGRIORFDWLRQRQGHQVLWLHVRI
nematode taxa were observed. 
:HGLGQRWREVHUYHDQ\HͿHFWRIWKHSODQWJHQRW\SHDQGJHQHWLFPRGLÀFDWLRQRQWKHQHPDWRGH
taxa included in this study. This result corresponds to the outcomes of studies that focussed on 
Table 2.  Descriptive statistics (overall average ± standard deviation) of untransformed total nematode 
density (100 g-1 dry soil, analysed by microscope), and density of eight nematode taxa (100 g-1 dry soil, 
DQDO\VHGE\TXDQWLWDWLYH3&5 LQ WZRH[SHULPHQWDOÀHOGV %8,DQG90'DWZKLFK WKHEHORZJURXQG
LPSDFWRIWKH*0ZD[\VWDUFKFXOWLYDU0RGHQDZDVFRPSDUHGWRÀYHRWKHUSRWDWRFXOWLYDUVDWWZRWLPH
points during the growth season. In addition, the percentage of samples in which the taxon was detected 
LVJLYHQSHUORFDWLRQ1HPDWRGHWD[DDUHGHÀQHGDVE\'H/H\HWDOH[FHSWIRU0RQRQFKLGDH0
(see (Holterman et al., 2008)).
 BUI VMD 
 July 12th Aug 15th % July 12th Aug 15th % 
Nematode density 2406 ± 380 1818 ± 453 100 2483 ± 391 2451 ± 586 100 
Achromadoridae 41.3 ± 101.1 348.1 ± 683.2 87.5 4.2 ± 9.8 40.6 ± 56.2 68.8 
Aphelenchidae 5.9 ± 4.3 2.8 ± 4.4 79.2 0.5 ± 0.7 0.9 ± 1.2 43.8 
Cephalobidae 441 ± 150.7 150.4 ± 146.9 100.0 143.4 ± 123.2 232.5 ± 140.5 100.0 
Monhysteridae 35.5 ± 50.4 33.9 ± 38.9 70.8 21.9 ± 17.8 68.6 ± 76.1 75.0 
Mononchidae M3 0.5 ± 1 0.5 ± 0.9 29.2 6.1 ± 5.2 7.3 ± 4.6 97.9 
Panagrolaimidae 0.8 ± 0.6 1.7 ± 2.8 75.0 0.8 ± 0.6 1.4 ± 2 62.5 
Plectidae* 44.5 ± 40.8 111.7 ± 192.6 95.8 76 ± 150.4 1594.4 ± 2091.1 100.0 







or transient and fell within the range of variation observed for the other potato cultivars. For 
both, the major determining factors were growth stage of the plant and soil type, and not the 
genotypic constitution of the potato cultivars included in this research (Hannula et al., 2012, 
ͦQFHRùOXHWDO+HQFHWKHFXUUHQWO\SUHVHQWHGQHPDWRGHFRPPXQLW\FRPSRVLWLRQGDWD










sites just 10 km, no natural barriers between sites). Although located relatively close to each 
RWKHUWKHVRLOVRIWKHWZRH[SHULPHQWDOÀHOGVGLͿHUHGFRQVLGHUDEO\LQWKHLURUJDQLFPDWWHU
(OM) content (VMD: 26% OM, BUI: 6% OM). In a survey on the impact of various crops (92 
ÀHOGVLQ1RUWK&DUROLQD86$RQWKHQHPDWRGHFRPPXQLW\FRPSRVLWLRQQRGLUHFWFRUUHODWLRQ
ZDVIRXQGEHWZHHQRUJDQLFPDWWHUFRQWHQWV²UDQJLQJLQWKHVHÀHOGVIURPWR²DQG




soil moisture content on nematode communities. Their results showed the genus Prismatolaimus 
to be consistently present in high moisture containing soils, which corresponds to our results. 
In the case of the family Cephalobidae, for which we see a similar pattern in our study, their 
VWXG\DOVRVKRZHGDGHSHQGHQF\RQVRLOPRLVWXUHFRQWHQWKRZHYHUWKLVHͿHFWLQWHUDFWHGZLWK









or temperature can have an impact on the soil faunal composition (Wardle, 2002, Sohlenius 










betaproteobacterial, fungal and nematode communities all indicate that this particular GM 
ZD[\VWDUFKSRWDWRYDULHW\KDVQRPHDVXUDEOHFRQVLVWHQW*0UHODWHGHͿHFWRQRQHRIWKHVH
RUJDQLVPDOJURXSVͦQFHRùOXHWDO+DQQXODHWDO+DQQXODHWDO%DVHGRQ
the relevance of these groups in terms of biodiversity, biomass and trophic connectedness, we 
WHQWDWLYHO\FRQFOXGHWKDWWKHZD[\VWDUFK*0SRWDWRFXOWLYDU0RGHQDKDVQRVLJQLÀFDQWHͿHFW
on the soil food web that could be related to its GM nature. 
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The use of indicators for assessing the biological functioning of ecosystems is common practice. 
1HPDWRGHVPHHWVHYHUDOUHTXLUHPHQWVWKDWPDNHWKHPVXLWDEOHDVDELRLQGLFDWRUJURXSRIWKH
soil ecosystem. In comparison to other major soil inhabitants such as bacteria and fungi, they 
DUHHDVLO\H[WUDFWDEOHIURPVRLORFFXS\FHQWUDOSRVLWLRQVLQWKHVRLOIRRGZHEDQGKDYHGLͿHU-





anthropogenic practices. In this chapter, several aspects concerning the molecular method, the 
use of nematode taxa as indicators and the challenges and future opportunities for this group 
of organisms in soil ecological research will be discussed. 
A molecular approach to nematode community analysis
As described in Chapter 1, multiple molecular methods have been developed over time for the 
analysis of nematode communities (Chen HWDO(YHQZLWKRXWWKHVHTXHQFHWHFKQRORJ\
available to us today, Van Der Knaap et al. (1993) demonstrated the value of molecular methods 
LQQHPDWRGHLGHQWLÀFDWLRQE\VKRZLQJWKHDELOLW\WRGLVWLQJXLVKVSHFLHVRIKDQGSLFNHGLQGLYLG-
XDOVEDVHGRQWKHLUSURGXFHGEDQGSDWWHUQVXVLQJUDQGRPDPSOLÀFDWLRQRISRO\PRUSKLF'1$
(RAPD-PCR). Twenty years later, we have arrived at the point of being able to perform directed 
PHWDJHQRPLFVWXGLHVXVLQJKLJKWKURXJKSXWVHTXHQFLQJ3RUD]LQVND et al. 2009). Nevertheless, 
data processing and analysis of these large (around 10,000 reads per sample) high-resolution 
GDWDVHWVWDNHVDFRQVLGHUDEOHDPRXQWRIWLPH$OWKRXJKKLJKWKURXJKSXWVHTXHQFLQJGHOLYHUV
DYDVWDPRXQWRILQIRUPDWLRQWKLVW\SHRIGDWDPD\QRWEHUHTXLUHGIRUPRQLWRULQJVWXGLHVDQG
its laborious nature may at this stage form a practical limitation for the experimental set up. 
For monitoring studies, methods such as terminal restriction fragment length polymorphism 
(T-RFLP) (Donn HWDORUDTXDQWLWDWLYH3&5T3&5EDVHGDSSURDFK9HUYRRUW et al. 2012) 
may be more practical and will allow for more intense sampling schemes. In other words, the 




Approaches based on quantitative PCR (qPCR) and Terminal-Restriction Fragment 




samples (Jones et al. 2006, Toyota et al. 2008, Derycke et al. 2012, Green et al. 2012). Thereby 
these studies still relied, to a certain degree, on microscopic analysis. A distinctive property of 
the assays used in the studies presented in this thesis, is their development based on a relatively 
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versatile, phylum-wide SSU ribosomal DNA framework (Holterman et al. 2006, Van Megen 
HWDOFXUUHQWO\FRYHULQJRYHUVHTXHQFHV%RWKWKHDYDLODELOLW\RIWKLVVHTXHQFH
framework as well as the accompanying rDNA clone library (thousands of Escherichia coli 
clones harbouring nematode rDNA fragments) permits for the development and testing of 
WD[RQVSHFLÀFT3&5DVVD\V7KHU'1$IUDPHZRUNLVPLQHGWRGHÀQHin silicoWD[RQVSHFLÀF




round, the most promising primer combination were tested on real nematodes.   Primers de-
veloped and tested in this way are applicable for use in complex DNA backgrounds without 
the necessity of pre-selection or pre-screening. Although it is not a necessity, for the studies 
in this thesis we decided to determine the nematode diversity by microscope, as well. In this 
way we were able to select a set of assays covering the majority of the free-living nematode 
GLYHUVLW\DWHDFKORFDWLRQ,QWKHPHDQWLPHZHKDYHGHYHORSHGDSSUR[WD[RQVSHFLÀF
(family, genus or species level) assays. In future studies, we can now use this set to perform a 












method. Nevertheless, (Donn et al. 2012) showed that this method can reveal changes in the 
community related to agricultural practice. 
The link between microscopic and molecular-based analyses
2XUNQRZOHGJHRIQHPDWRGHHFRORJ\LVODUJHO\EDVHGRQPLFURVFRSLFDOO\DFTXLUHGGDWD,WLV
WKHUHIRUHLPSRUWDQWWRÀQGDZD\WROLQNUHVXOWVSURGXFHGE\DPROHFXODUPHWKRGWRWKRVH
produced by microscope (Chen et al. 2010). However, every molecular method has its own 
H΀FLHQF\DQGSUHFLVLRQGHSHQGHQWRQIDFWRUVVXFKDVWKHH[WUDFWLRQH΀FLHQF\WKHRFFXUUHQFH
of PCR bias or the precision of the calibration curves used. For microscopic analysis the com-
SRVLWLRQRIDVDPSOHLVJHQHUDOO\GHWHUPLQHGE\WKHDQDO\VLVRIDVXEVDPSOHRIWHQWKHÀUVW
DGXOWVLQDPDVVVOLGHRIWKHWRWDOFRPPXQLW\DQGFRQVHTXHQWLDOH[WUDSRODWLRQ)RUDQXPEHU
of species, the scarcity of informative morphological characters for non-adult life stages, often 








each method can provide. 
Nematode taxa as indicators for human-related disturbances
(VSHFLDOO\VLQFHWKHVWDUWRIVRLOFXOWLYDWLRQDQWKURSRJHQLFDFWLYLWLHVKDYHKDGDQLPSDFWRQ




disturbances directly or indirectly related to human practices such as tillage, pollution, climate 
change, invasive plant species, GM crops (Powell 2007). To a certain degree, all chapters in this 
WKHVLVFRQFHUQDGLͿHUHQWW\SHRIGLVWXUEDQFHGLUHFWO\RULQGLUHFWO\UHODWHGWRKXPDQSUDFWLFHV
recovery after prolonged use for arable farming (Chapter 2), the impact of agricultural manage-
PHQWSUDFWLFHV&KDSWHUWKHHͿHFWRIDQLQWURGXFHGLQYDVLYHSODQWVSHFLHV&KDSWHUDQG
WKHSRVVLEOHXQLQWHQGHGHͿHFWVRID*0FURS&KDSWHU7KHVHÀHOGVWXGLHVZHUHSHUIRUPHG













study focused on the succession and development of above and belowground communities 




initial short period of change in the nematode as well as soil community. This short period of 
change is most likely related to the release of physical stress from agricultural practices, such 
as tillage (Kardol et al. 2005), which for instance in Chapter 4 but also in other literature (e.g. 
)XHWDOKDVEHHQVKRZQWRKDYHDVWURQJHͿHFWRQWKHQHPDWRGHFRPPXQLW\+RZHYHU
WKHFKURQRVHTXHQFHVWXGLHVVKRZHGWKDWLQWKHGHFDGHVIROORZLQJWKLVUHVSRQVHWKHUHLVDGLI-
ference in the speed of aboveground and belowground succession, with the development of 
the nematode community as well as the overall structure of the soil food web lagging behind 
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when compared to that of the plant community. Other studies concerning belowground recovery 
after cultivation have shown similar results (Buckley and Schmidt 2001). Overall, this demon-
VWUDWHVWKDWHͿHFWVRIODQGXVHWKHFRPELQDWLRQRIe.g. liming, fumigating, fertilizing, tilling 
WKHVRLOFDQKDYHDFRQVLGHUDEO\HͿHFWRQDQHFRV\VWHPWKDWOLQJHUVRYHUDSHULRGRIGHFDGHV
Hence, for the assessment of ecosystem recovery, the monitoring of aboveground succession 
only doesn’t provide us with the full picture with regard to ecosystem recovery; inclusion of 
WKHEHORZJURXQGSDUW²WKHVRLOHFRV\VWHP²LVHVVHQWLDO<RXQJHWDO
Plant identity e"ects belowground
3ODQWVSHFLHVFDQGLͿHULQWKHLUHͿHFWVRQWKHVRLOHFRV\VWHPDQGLWVLQKDELWDQWV7KHVHGLͿHU-




input and output, the presence of a plant species can also partially determine microclimate 








species may contribute to their invasiveness and demonstrates the closeness of the relationship 
EHWZHHQDERYHDQGEHORZJURXQGFRPPXQLWLHV,Q&KDSWHUZHVWXGLHGWKHORFDOHͿHFWRI
invasion by the plant species Solidago gigantea (Giant goldenrod, native in North America) 
DERYHDQGEHORZJURXQGDQGREVHUYHGKDELWDWLQGHSHQGHQWHͿHFWVRQGLͿHUHQWJURXSVRI
soil organisms. The observation that Solidago gigantea is able to locally alter nutrient cycling 
(Chapuis-Lardy et al. 2006, Vanderhoeven et al. 2006, Herr et al. 2007) could be related to the 
shift in the soil community that we observed. Apparently S. gigantea is to a certain degree 
DEOHWRFKDQJHWKHVRLOIRRGZHELQVXFKDZD\WKDWLWEHQHÀWVLWVRZQJURZWKSRWHQWLDOO\
WKURXJKWKHTXDOLW\RILWVOLWWHURUURRWH[XGDWHVDQGRUWKURXJKWKHH[XGDWLRQRIVHFRQGDU\
metabolites. The latter can be via S. gigantea’s release of furanoid and acidic compounds into 
its rhizosphere (Weber and Jakobs 2005), which are potentially toxic for both native plants as 
well as present soil organisms. There are strong indications that allelochemicals can play a 
large role in the invasiveness of plant species. Studies in which activated coal was added to 
the soil to bind toxic compounds from an invasive plant species resulted in cover reduction 
RIWKHLQYDGHU.XOPDWLVNLDQG%HDUG(YLQHUHWDO7KLVH[HPSOLÀHVKRZUHFHQW
LQVLJKWVLQWKHSURFHVVE\ZKLFKGLͿHUHQWLQYDVLYHVSHFLHVFDQDͿHFWWKHVRLOHFRV\VWHPPD\
lead to the development of strategies for limiting invasion (Baer et al., 2012). However, at this 
PRPHQWRXUJHQHUDONQRZOHGJHRISODQWVSHFLÀFHͿHFWVEHORZJURXQGLVWRROLPLWHGIRUWKLV
purpose. Studies concerning invasive plant species may be a way to serve both the need for 








a conventional potato cultivar, altered in its starch production. The variation of nematode 
FRPPXQLWLHVXQGHUWKHVHYDULHWLHVZDVPRQLWRUHGWRVHHLIWKHHͿHFWVRIWKH*0YDULHW\RQ
WKHVRLOHFRV\VWHPGLͿHUHGIURPWKRVHRIFRQYHQWLRQDOYDULHWLHV,QRXUVWXG\QRGLͿHUHQFHV
in nematode assemblages under all the included varieties of potato were observed, whether 
it being a GM, a low producing-, or a high starch-producing conventional cultivar. Naturally, 
these results cannot be generalized to other GM crops as the character of GM crop traits can 
EHYHU\GLVWLQFWDQGVKRXOGWKHUHIRUHEHDVVHVVHGIRUHDFKPRGLÀFDWLRQLQGLYLGXDOO\0RUHRYHU
our study was limited to a single growing season and the results can therefore not account for 
SRVVLEOHORQJWHUPHͿHFWV
Individual nematode taxa as indicators for speci!c disturbances
7KHQHPDWRGHFRPPXQLW\KDVRIWHQEHHQXVHGWRVWXG\WKHHͿHFWVRIGLͿHUHQWPHDVXUHVRU
GLVWXUEDQFHVLQDJULFXOWXUDOV\VWHPVVXFKDVIHUWLOLVDWLRQ)HUULVDQG%RQJHUVWKHHͿHFWV
of tillage (Fiscus and Neher 2002) or nematicides (Timper et al. 2012) etc. Nematode commu-
nity indices are widely applied in most of these studies. The most commonly used nematode 
community indices are based on the so called cpVFDOLQJFRORQL]HU²SHUVLVWHUZKLFKGLVWLQ-
JXLVKHVQHPDWRGHIDPLOLHVEDVHGRQWKHLUOLIHVWUDWHJLHVDQG²UHODWHGWRWKLV²WKHLUVHQVLWLYLW\




(e.g. Van Megen et al. 2009). The second reason is that the use of nematode indices typically 
involves the lumping of data, and generalizations concerning nematode life strategies. Already 
in 1996, Yeates and Van Der Meulen suggested that the elucidation of so-called “key popula-
WLRQVµLQGLYLGXDOWD[DIRUZKLFKWKHSRSXODWLRQVL]HFDQEHOLQNHGWRVSHFLÀFVRLOFRQGLWLRQV
or processes, could be more valuable than the use of general nematode indexes. Several recent 
studies have started to work towards this elucidation by combining datasets and the application 
of statistical tools (Fiscus and Neher 2002, Zhao and Neher 2013, Zhao et al. 2013). 
Zhao and Neher (2013) demonstrated the potential value of meta-analysis of existing data 
WRHOXFLGDWHFRQVLVWHQWO\UHVSRQGLQJQHPDWRGHJHQHUDWRGLͿHUHQWW\SHVRIGLVWXUEDQFHV)RU
example, their results (based on data from 7 studies) showed that the genera Diphtherophora 
(Clade 1, fungivore), Prismatolaimus (Clade 1, bacterivore) and Tylenchorhynchus (Clade 12, a 
SODQWSDUDVLWHZHUHSUHVHQWLQORZHUGHQVLWLHVLQVWDQGDUGFXOWLYDWLRQÀHOGVFRPSDUHGWRÀHOGV
managed by using conservation tillage, suggesting these taxa to be more sensitive to physical 
disturbance. A high sensitivity of Prismatolaimus to physical disturbance in combination with 
a legacy of tillage may partially explain the contrast in the number of Prismatolaimus between 
H[DUDEOHÀHOGDQGEHHFKIRUHVWWKDWZHREVHUYHGLQ&KDSWHU+RZHYHUIRUTylenchorhynchus 
ZHPRQLWRUHGVKRUWWHUPVHQVLWLYLW\WRWLOODJHDQGZHGLGQRWVHHDVLJQLÀFDQWGHFUHDVHLQ
abundance between right before and after the soil was tilled while most of the other taxa did 
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respond (Chapter 4). Zhao and Neher (2013) mention several discrepancies between their overall 
ÀQGLQJVDQGWKHUHVXOWVRIFHUWDLQVWXGLHV7KHVHGLͿHUHQFHVPD\RULJLQDWHIURPWKHYDULDWLRQ
in soil characteristics, crop types and weather conditions of the individual experiments that 
were grouped in order to have enough data to perform the analyses.
While Zhao and Neher (2013) show the potential of using meta-analysis studies to elucidate 
individual taxon indicators, their study also reveals its current limitations. Data of suitable 
studies is often analysed and presented in papers on the level of trophic groups, although the 
microscopic analyses often resulted in community characterisation at genus level. In addition, 
UHTXHVWLQJUDZGDWDIURPDXWKRUVPD\QRWDOZD\VEHH΀FLHQW7KHODWWHULVLOOXVWUDWHGE\WKH









sampling, extraction and analysis methodologies within the nematological research community 
may increase the use and acceptance of nematodes as bio-indicators. 
Challenges in nematode ecology: Scaling up and zooming in
By lifting the practical limitations of microscopic analysis, it is now possible to analyse the nem-
atode communities of large numbers of soil samples at an unprecedented rate and, eventually, 
at a resolution of our choice. Producing elaborate datasets can reveal new information about 
nematode ecology as well as soil ecology in general. Nevertheless, our limited knowledge of 
for instance nematode feeding habits and spatial and temporal variation at high resolutions 
may hamper progress. It is therefore not only important to gain the possibility to scale up 
sample sizes (e.g. by using a molecular method) but also to zoom in on nematode ecology. 
7KHUHIRUHLQWKLVVHFWLRQ,ZLOOÀUVWGLVFXVVWKHQHFHVVLW\RIKLJKUHVROXWLRQLQIRUPDWLRQRQ
nematode feeding habits and the possibilities of molecular tools to contribute to this. Secondly, 
I will discuss the relevance of gaining more insight into the spatial and temporal patterns of 
GLͿHUHQWQHPDWRGHWD[D
The assignment of nematode feeding types and di"erential intra-guild feeding 
preferences
7KURXJKRXWWKLVWKHVLVWKHRFFXUUHQFHRUGHQVLW\FKDQJHVRIGLͿHUHQWQHPDWRGHWD[DDUH
discussed on the basis of their assigned feeding habit or the results of observational studies. 
However, most feeding types assigned to nematode taxa are inferred from their morphology 
VXSSOHPHQWHGZLWKIUDJPHQWHGH[SHULPHQWDOGDWDDQGRUDQHFGRWDOREVHUYDWLRQVLQWURGXFLQJ
a degree of uncertainty with regard to their real food preferences (Yeates 2003). To illustrate 




total nematode community (Ferris and Bongers 2006). A genus level their feeding habits are 
far from clear, and they are generally either assigned to be herbivores (algae, mosses, lichen 
or higher plants) or fungivores or both (Yeates 2003). 
1H[WWRWKHXQFHUWDLQW\WKDWUHVLGHVLQWKHDVVLJQPHQWRIIHHGLQJJURXSVGLͿHUHQWLDOIHHGLQJ
preferences within a trophic group, e.g.WKHSUHIHUHQFHRIQHPDWRGHWD[DIRUVSHFLÀFJURXSVRI
EDFWHULDRUIXQJLDVDIRRGVRXUFHDUHRIWHQQRWGHÀQHG,QWKLVWKHVLVERWKWKHUHVXOWVIURP
Chapter 2 and 4 show variation in the response of nematodes assigned to the same feeding 
JXLOGZKLFKLVPRVWOLNHO\LQGLFDWLYHIRUGLͿHUHQFHVLQWKHLUIRRGSUHIHUHQFH6RIDUPRVWVWXGLHV
concerning food preference of nematodes have been performed on medium plates in the lab (e.g. 
Bilgrami 1993, Ruess and Dighton 1996, Okada and Kadota 2003, Hasna et al. 2007). However, 
it has been shown that the results from feeding preference studies performed on agar plates 
FDQEHGLͿHUHQWWRWKRVHSHUIRUPHGLQVRLO2NDGDDQG.DGRWD
Ideally, as was already stated by Yeates et al. in their overview of feeding habits in 1993, 
IHHGLQJKDELWVDQGSUHIHUHQFHVRIQHPDWRGHWD[DVKRXOGEHDVVHVVHGSHUHFRORJLFDOVHWWLQJ(YHQ
though today this task is still daunting, the application of molecular methods may be able to 




associations with an unparalleled precision level and can thereby reveal trophic links which 
would have been impossible to uncover without molecular methods (Pompanon et al. 2012). 
Another indirect approach would be the associational divergence of information on feeding 
relationships from large datasets encompassing high-resolution measurements of groups of 
soil organism from multiple trophic levels. 
Spatial and temporal variation of nematode taxa
Although spatial and temporal variation of aboveground populations has been elaborately 
VWXGLHGWKLVLVQRWWKHFDVHIRUEHORZJURXQGFRPPXQLWLHV(WWHPDDQG:DUGOH)RUEHORZ-
JURXQGRUJDQLVPVSURJUHVVLRQLQWKLVÀHOGKDVEHHQKDPSHUHGE\WKHLQDELOLW\WRSURFHVVODUJH
numbers of samples and distinguish communities of soil biota at high resolutions. Therefore, 
we are often unable to interpret this type of variation in data and are limited in our ability to 
H[WUDFWWKHLQIRUPDWLRQLWFRQWDLQV(WWHPDDQG:DUGOH1HYHUWKHOHVVVSDWLDODQGWHPSRUDO
variation patterns could provide us with information on species coexistence, their relation to 
DELRWLFIDFWRUVDQGGLͿHUHQWLDOVHQVLWLYLWLHVWRGLVWXUEDQFHV/HYLQDQG3DLQH,QDGGLWLRQ




of the nematode community has the potential to provide us with more insight into spatial as 
well as temporal variation. At this moment, our group is producing a dataset consisting of the 
output of molecular analyses of nematode taxa for over 1000 soil samples. With this dataset 
WKHSDWFKLQHVVKRUL]RQWDOVSDWLDOYDULDWLRQRIIUHHOLYLQJQHPDWRGHWD[DLQDUDEOHÀHOGVZLOO
EHGHWHUPLQHGIRUGLͿHUHQWVRLOW\SHV








though changes in the plant community, such as the invasion by an exotic plant species, can 
KDYHGLVWLQFWHͿHFWVRQWKHVRLOIRRGZHEWKHVHFKDQJHVKRZHYHUDUHVPDOOFRPSDUHGWRWKH
impact of land use practices. Furthermore, the results indicate that nematode genera belonging 
WRWKHVDPHWURSKLFJXLOGFDQUHVSRQGGLͿHUHQWLDOO\WRQDWXUDODQGDQWKURSRJHQLFGLVWXUEDQFHV
DQGPRUHRYHUWKLVUHÀQHGFRPPXQLW\DQDO\VLVSURYLGHVXVZLWKQHZHFRORJLFDOLQVLJKWV7KH
implementation of molecular methods for the monitoring of nematode communities allows 
the formation of large, high-resolution datasets, which will contribute to an improved under-
standing about nematode ecology and, thereby, about soil ecology in general. 
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Chapter 2 - Supplementary Table S1. Nematode densities (average ± standard error) in numbers of 
LQGLYLGXDOVSHUPOHOXWULDWHGVRLODWGLͿHUHQWWLPHVLQDIRUPHUDUDEOHÀHOGDQGLWVDGMDFHQWSULVWLQH
beech forest. Feeding guilds are given in capitals: B: bacterivore, F: fungivore, FP: facultative plant para-
VLWH2RPQLYRUH3SUHGDWRU7KHZHHNVDUHGHÀQHGDVQXPEHURIZHHNVDIWHU0DUFK
i Teratocephalidae Prismatolaimidae Plectidae Cephalobidae Anaplectus 
 B B B B B 
W
k 
‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ 
0 190±121 144±79 13±7 2245±1159 100±27 33±5 328±79 166±62 40±16 0±0 
2 15±12 12±12 12±7 733±74 27±11 2±2 248±100 4±0 8±5 0±0 
4 52±29 9±8 5±4 1031±302 55±31 3±1 232±35 39±35 37±11 0±0 
7 5±5 45±33 3±2 1833±1833 44±41 13±12 222±172 51±30 12±10 0±0 
9 35±30 13±6 11±6 2949±2598 55±54 0±0 139±49 93±82 49±22 0±0 
13 0±0 0±0 17±16 881±311 0±0 63±63 5±1 83±67 21±19 0±0 
15 0±0 0±0 128±98 494±375 0±0 0±0 889±610 6±5 261±141 0±0 
17 0±0 0±0 2±1 710±169 0±0 0±0 157±35 5±1 40±25 0±0 
19 36±13 1±0 4±2 1107±1107 41±22 0±0 62±33 10±8 22±22 0±0 
21 148±83 270±267 96±28 2735±601 645±412 86±85 306±148 2±2 935±730 0±0 
23 84±79 0±0 10±8 669±669 91±59 0±0 337±220 0±0 308±188 0±0 
25 145±50 652±340 13±5 3039±1907 294±98 18±14 338±162 5±3 69±23 0±0 
27 12±12 0±0 28±16 33±32 180±87 0±0 271±99 2±2 18±11 0±0 
29 76±76 404±209 20±7 4±4 354±157 10±6 189±85 14±2 154±120 0±0 
33 62±41 550±223 87±53 542±73 662±370 163±66 370±126 125±63 218±185 5±5 
35 978±459 568±204 130±76 2077±861 942±270 298±118 524±157 94±30 38±24 0±0 
37 552±459 115 12±8 845 506±263 96 279±122 34 42±16 0 
39 252±180 496±195 126±53 1217±1123 1714±870 68±31 1298±342 53±36 203±126 0±0 

ii Alaimidae Metateratocephalidae Monhysteridae Aphelenchoididae Aphelenchidae 
 B B B F/FP F/FP 
W
k 
‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ 
0 0±0 0±0 0±0 550±410 393±94 468±185 0±0 0±0 4±4 0±0 
2 24±23 0±0 0±0 0±0 156±36 52±28 0±0 0±0 4±3 0±0 
4 22±19 0±0 67±67 94±11 414±160 108±108 0±0 0±0 11±4 0±0 
7 0±0 0±0 0±0 591±591 133±125 112±37 0±0 0±0 2±2 0±0 
9 0±0 0±0 0±0 1121 436±125 2900±2677 0±0 0±0 0±0 0±0 
13 0±0 0±0 32±32 115±83 51±49 0±0 0±0 0±0 0±0 0±0 
15 0±0 0±0 0±0 8±8 2139±1736 60±40 0±0 0±0 18±18 0±0 
17 0±0 0±0 226±226 423±26 32±14 218±218 13±13 0±0 0±0 0±0 
19 0±0 0±0 0±0 587±384 62±41 289±99 0±0 0±0 4±4 0±0 
21 53±17 38±38 7±7 322±321 724±400 1196±172 0±0 0±0 70±25 0±0 
23 35±24 0±0 0±0 3±3 279±88 409±409 0±0 0±0 30±4 0±0 
25 27±9 0±0 47±47 82±69 221±64 459±169 2±2 0±0 36±10 0±0 
27 106±52 0±0 30±30 1±1 18±11 0±0 2±2 0±0 45±16 0±0 
29 27±13 0±0 68±68 182±85 69±12 0±0 2±1 0±0 39±23 0±0 
33 83±60 50±29 295±295 145±78 174±162 164±59 35±35 14±9 45±13 0±0 
35 92±45 23±23 0±0 134±56 114±38 580±521 90±41 1±1 71±26 0±0 
37 219±103 0 0±0 22 362±128 384 3±2 0 29±8 0 
39 316±166 9±7 267±166 189±35 1114±445 128±128 35±19 8±6 55±15 1±1 

iii Tylolaimophorus Diphtherophora Dorylaimidae  Mononchidae Mylonchulidae 
 F F O P P 
Wk ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ 
0 8±8 101±87 1±1 0±0 1±1 6±5 0±0 0±0 0±0 0±0 
2 81±78 82±82 1±1 0±0 6±6 0±0 0±0 0±0 0±0 0±0 
4 8±7 19±18 1±0 0±0 3±2 8±8 0±0 0±0 0±0 0±0 
7 0±0 5±2 9±6 0±0 0±0 6±6 16±12 0±0 0±0 0±0 
9 40±40 12±6 26±15 0±0 0±0 4±3 9±7 2±2 2±1 4±4 
13 0±0 721±669 0±0 0±0 0±0 0±0 4±2 0±0 1±1 1±1 
15 189±189 250±7 8±6 0±0 0±0 0±0 3±3 0±0 1±1 0±0 
17 0±0 590±554 6±6 0±0 10±10 0±0 17±12 0±0 1±0 9±3 
19 3±3 119±87 2±2 0±0 108±85 0±0 2±1 0±0 0±0 1±1 
21 4±4 157±149 36±21 0±0 349±141 182±182 22±14 0±0 0±0 0±0 
23 22±21 21±2 19±5 0±0 43±43 5±5 43±37 3±3 0±0 0±0 
25 0±0 114±13 43±30 0±0 74±74 37±28 48±44 0±0 3±3 0±0 
27 15±11 8±8 36±21 0±0 8±8 60±60 1±1 0±0 0±0 0±0 
29 261±150 1007±598 23±13 0±0 71±71 48±2 5±3 4±4 0±0 0±0 
33 16±9 74±16 11±5 0±0 28±28 66±39 8±8 2±2 0±0 0±0 
35 22±15 11±3 30±13 0±0 379±41 396±107 5±1 5±3 0±0 0±0 
37 5±3 70 29±20 0 93±57 83 8±8 3 0±0 0 




Chapter 3 - Supplementary Table S1. Study site locations and descriptions.
  
 No. Site Soil type Coordinates Year of introduction 
Semi-natural grassland 
sites 1 Planken Wambuis 
Pleistocene 
sandy soil 
520 01’ 45.64” N 50 47’ 
53.50” E 1982 
  2 Reinaerde Den Dolder Pleistocene sandy soil 
520 08’ 59.53” N 50 14’ 
35.14” E 2000 
  3 Plantage Willem III Pleistocene sandy soil 
510 58’ 48.62” N 50 31’ 
08.47” E 1995 
  4 Hollandseweg Wageningen 
Pleistocene 
sandy soil 
510 58’ 49.89” N 50 40’ 
59.84” E before 2005 
  5 Reijerscamp Pleistocene sandy soil 
520 00’ 47.49” N 5046 
’08.64” E 2006 
Riparian vegetation 
sites 6 Duffeltdijk (Walloon) Riverclay 
510 51’ 58.11” N 60 00’ 
35.47” E  ~ 1950 
  7 Center of Millingerwaard (Walloon) Riverclay 
510 52’ 26.39” N 60 00’ 
31.46” E  ~ 1950 
  8 Ewijkse plaat (Walloon) Riverclay 51
0 52’ 47.36” N 50 44’ 
52.17” E  ~ 1950 
  9 Blauwe kamer West (Rhine) Riverclay 
510 56’ 40.22” N 50 36’ 
19.90” E after 1950 
  10 Blauwe kamer East (Rhine) 
Riverclay and 
sand 
510 56’ 32.56” N 50 37’ 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 3 - Supplementary Table S4. Overall nematode diversity up to genus level of soil (depth: 25 
FPIURPÀYHULSDULDQVLWHV¶5LSDULDQ·DQGÀYHVHPLQDWXUDOJUDVVODQGV¶*UDVVODQG·LQYDGHGE\6ROL-




et al. under review for more details).
Genus Family Trophic  qPCR  Range Riparian Grassland 
Achromadora Achromadoridae U   + + 
Acrobeles Cephalobidae B q r + + 
Acrobeloides Cephalobidae B q   + + 
Aglenchus Tylenchidae PP   + + 
Alaimus Alaimidae B q r + + 
Amphidelus Alaimidae B q   + + 
Amplimerlinius Dolichodoridae PP    + 
Anaplectus Plectidae B q r + + 
Anatonchus Anatonchidae P    + 
Aphelenchoides Aphelenchoididae F q r + + 
Aphelenchus Aphelenchidae F q r + + 
Aporcelaimellus Aporcelaimidae P, O q r + + 
Basiria Tylenchidae PP   + + 
Bastiania Bastianiidae B   + + 
Boleodorus Tylenchidae PP or F   + + 
Cephalobus Cephalobidae B q   + + 
Cervidellus Cephalobidae B q r + + 
Chiloplacus Cephalobidae B q r + + 
Clarkus Mononchidae P q r + + 
Coomansus Mononchidae P q   +  
Coslenchus Tylenchidae PP   + + 
Criconematidae (Other 
genera) Criconematidae PP   + + 
Criconemoides Criconematidae PP    + 
Cylindrolaimus Diplopeltidae B   + + 
Diphtherophora Diphtherophoridae F q r + + 
Ditylenchus Anguinidae F or PP   + + 
Dorylaimoides Mydonomidae O    + 
Dorylaimus Dorylaimidae O    + 
Drilocephalobus Osstellidae B   + + 
Epidorylaimus Qudsianematidae O q r  + 
Eucephalobus Cephalobidae B q r + + 
Eudorylaimus Qudsianematidae P, O q   + + 
Eumonhystera Monhysteridae B, S   + + 
Euteratocephalus Metateratocephalidae B   + + 
Filenchus Tylenchidae PP   + + 
Geomonhystera Monhysteridae B, S   +  
Globodera/Heterodera Heteroderidae PP    + 
Helicotylenchus Hoplolaimidae PP   + + 
Hemicycliophora Hemicycliophoridae PP   + + 
Heterocephalobus Cephalobidae B q r + + 
Laimydorus Dorylaimidae O    + 
Lelenchus Tylenchidae PP   +  
Leptonchus Leptonchidae F    + 
Longidorella  Nordiidae PP    + 
Longidorus Longidoridae PP   + + 
Malenchus Tylenchidae PP    + 
Meloidogyne Meloidogynidae PP   + + 
Merlinius Dolichodoridae PP   + + 
Mesocriconema Criconematidae PP    + 
Mesodorylaimus Dorylaimidae O   + + 
Mesorhabditis Mesorhabditidae B   + + 
Metateratocephalus Metateratocephalidae B   + + 
Microdorylaimus Qudsianematidae O   + + 
Mononchus Mononchidae P    + 
Mylonchulus Mylonchulidae P   + + 
Nagelus Belonolaimidae PP    + 
Nygolaimus Nygolaimidae P   + + 
Oxydirus Belondiridae PP, O    + 
Panagrolaimus Panagrolaimidae B q r + + 
Paramphidelus Alaimidae B q r +  
Pararotylenchus Hoplolaimidae PP   + + 
Paratrichodorus Trichodoridae PP   +  
Paratylenchus Paratylenchidae PP   + + 
Paraxonchium Aporcelaimidae P, O   +  
Plectus Plectidae B q r + + 
Pratylenchus Pratylenchidae PP   + + 
Prionchulus Mononchidae P q r +  




Genus Family Trophic  qPCR  Range Riparian Grassland 
Pro/Mesodorylaimus Dorylaimidae O   + + 
Pseudhalenchus Anguinidae F    + 
Psilenchus Tylenchidae PP   + + 
Pungentus Nordiidae PP, P, O   +  
Rhabditis Rhabditidae B   + + 
Rhabditophanes Alloionematidae B   + + 
Rhabdolaimus Rhabdolaimidae B   +  
Rotylenchulus Rotylenchulidae PP    + 
Rotylenchus Hoplolaimidae PP   + + 
Scutylenchus Telotylenchidae PP   + + 
Sectonema Aporcelaimidae P/O    + 
Seinura Seinuridae P   + + 
Steinernema Steinernematidae E   + + 
Teratocephalus Teratocephalidae B   +  
Theristus Xyalidae B, S or U   +  
Thonus Qudsianematidae P/O q   + + 
Trichodorus Trichodoridae PP   + + 
Tylencholaimellus Tylencholaimellidae F   + + 
Tylencholaimus Tylencholaimidae F   + + 
Tylenchorhynchus Belonolaimidae PP   + + 
Tylenchus Tylenchidae PP/F    + 
Tylocephalus Plectidae B q r + + 
Tylolaimophorus Diphtherophoridae F   +  
Wilsonema Plectidae B q r +  
       
Total # of genera     79 73 
Supplementary data
107
Chapter 4 - Supplementary Table S1.(VWLPDWLRQRIWKHQHPDWRGHGLYHUVLW\DWJHQXVOHYHOLQWKHVRLO
XSSHUFPRIWKHH[SHULPHQWDOÀHOGEDVHGRQWZRPLFURVFRSLFDQDO\VHVRIDPL[HGVDPSOHWDNHQ
days before sowing and on day 81 of the experiment. Genera further analyzed by microscope (m) or by 
TXDQWLWDWLYH3&5DQDO\VLVTDUHPDUNHG)RUJHQHUDPDUNHGZLWKLQWKHODVWFROXPQUDOVRDTXDQWLWD-
tive range was available (for more details see Vervoort et al. 2012).
Family Genus Trophic groupa qPCR/Microscope Range 
Achromadoridae Achromadora O q r 
Alaimidae Alaimus B q r 
Aphelenchidae Aphelenchus F q r 
Aphelenchoididae Aphelenchoides F q r 
Aporcelaimidae Aporcelaimellus* C   
Cephalobidae Acrobeles B q r 
Cephalobidae Acrobeloides B q  
Cephalobidae Cephalobus* B q  
Cephalobidae Eucephalobus B q r 
Cephalobidae Heterocephalobus* B q r 
Diplogastridae Diplogaster* B   
Discolaimidae Discolaimus C   
Dorylaimidae D1 Mesodorylaimus O q r 
Dorylaimidae D1 Ecumenicus O q r 
Dorylaimidae D3 Thonus O q r 
Mesorhabditidae Mesorhabditis B q r 
Monhysteridae Eumonhystera B q r 
Mononchidae M3 Clarkus C q  
Mylonchulidae Mylonchulus C q r 
Neodiplogastridae Pristionchus B   
Panagrolaimidae Panagrolaimus B q r 
Plectidae Anaplectus B q r 
Plectidae Plectus B q r 
Rhabditidae Cruznema B q r 
Rhabditidae Rhabditidae (s.l.)‡ B   
Belonolaimidae Tylenchorhynchus PP1 m  
Heteroderidae Heterodera PP4 m  
Meloidogynidae Meloidogyne* PP4 m  
Pratylenchidae Pratylenchus  PP3 m  
Trichodoridae Trichodorus PP1 m  
Tylenchidae Basiria PP2   
Tylenchidae Coslenchus PP2   
Tylenchidae Tylenchus PP5     

a B: bacterivorous, F: fungivorous, C: carnivorous, O: omnivorous, PP: plant-parasitic (1: ectoparasite, 2: epidermal cell 










was available (for more details see Vervoort et al., 2012).
Familya Genus Trophic groupb qPCR Range 
Achromadoridae Achromadora O q r 
Anatonchidae Anatonchus C q r 
Anguinidae Ditylenchus PP   
Aphelenchidae Aphelenchus F q r 
Aphelenchoididae Aphelenchoides F q r 
Belonolaimidae Tylenchorhynchus PP   
Cephalobidae Acrobeles B q r 
Cephalobidae Acrobeloides B q  
Cephalobidae Chiloplacus B q r 
Cephalobidae Eucephalobus B q r 
Dorylaimidae D3 Thonus O q  
Hoplolaimidae Helicotylenchus PP   
Metateratocephalidae Metateratocephalus B q r 
Monhysteridae Eumonhystera B q r 
Monhysteridae Monhystera B q r 
Mononchidae M3 Prionchulus C q r 
Mylonchulidae Mylonchulus C q r 
Panagrolaimidae Panagrolaimus B q r 
Paratylenchidae Paratylenchus PP   
Plectidae Plectus B q r 
Plectidae Wilsonema B q r 
Pratylenchidae Pratylenchus PP   
Prismatolaimidae Prismatolaimus B q r 
Rhabditidae Rhabditis B   
Tylenchidae Filenchus PP   
Tylenchidae Psilenchus PP   
Tylenchidae Tylenchus PP   
 a  Taxonomy as according to De Ley et al., 2006 with exception of Mononchidae M3 and Dorylaimidae D3 (see Holterman 
et al., 2008).
b Main trophic groups assigned primarily as in Yeates et al., 1993; B:bacterivorous, F: fungivorous, C: carnivorous, O: 




Soil performs numerous functions, which allow us to produce food and feed and provide us 
with clean freshwater. These functions rely on the high diversity of organisms residing in soils. 
Within the high complexity of the soil food web, nematodes, worm-shaped animals belonging 
to the phylum Nematoda, are an informative group for assessing the status of a soil-dwelling 
FRPPXQLW\GXHWRWKHLUXELTXLW\DEXQGDQFHDQGWURSKLFGLYHUVLW\$OWKRXJKQHPDWRGHVDOVR

















in the study described in Chapter 3. In this chapter, a study was conducted to investigate the 
impact of an invasive plant species called Giant goldenrod (Solidago gigantea, native to North 
$PHULFDRQWKHSODQWFRPPXQLW\DVZHOODVRQGLͿHUHQWWURSKLFOHYHOVRIWKHVRLOIRRGZHE
In addition to monitoring the nematode community, pH and fungal biomass were measured 
in plots invaded or uninvaded by Giant goldenrod in two contrasting habitats. The results 
revealed that, in addition to outcompeting native plant species, this invader also reduced pH 
and increased fungal biomass in the soil of both habitats. Based on the results concerning the 
nematode community, the impact on the soil food web seemed to be selective since the local 
LQFUHDVHRIIXQJDOELRPDVVDSSHDUHGWREHQHÀWRQO\RQHIXQJLYRURXVQHPDWRGHOLQHDJHRIWKH
WKUHHSUHVHQWLQWKHÀHOG7KLVVXJJHVWVWKDWLQYDVLRQE\*LDQWJROGHQURGRQO\VWLPXODWHVRQH
part of the fungal community. 
&RQWUDU\WRWKHSUHFHGLQJFKDSWHUVWKHHͿHFWVRIGLͿHUHQWGLVWXUEDQFHVRQWKHQHPDWRGH
FRPPXQLW\ZHUHVWXGLHGLQDQDUDEOHVHWWLQJLQFKDSWHUVDQG&KDSWHUGHVFULEHVDÀHOG
experiment in which the impact of biofumigation, a pest control measure, on the nematode 
community was assessed. Biofumigation is considered as an alternative for the use of synthetic 
fumigants and entails the incorporation of mulched brassicaceous plant material, which, upon 
de-compartmentalisation, releases general biocides called isothiocyanates. In our experiment, 
WKHVHFRPSRXQGVDVZHOODVWKHLUSUHFXUVRUVFRXOGQRWEHUHODWHGWRWKHHͿHFWVREVHUYHGIRU





the plant material 
&KDSWHUSUHVHQWVDÀHOGH[SHULPHQWLQZKLFKWKHSRVVLEOHEHORZJURXQGVLGHHͿHFWVRID
ZD[\VWDUFK*0SRWDWRDJHQHWLFDOO\PRGLÀHGSODQWEORFNHGLQLWVDP\ORVHELRV\QWKHVLVZHUH
investigated. The nematode community was monitored during the growing season of this 
GM variety, its parental line and four other conventional potato cultivars in two experimental 
ÀHOGV$OWKRXJKZHREVHUYHGFOHDUHͿHFWVRIORFDWLRQDQGWLPHQR*0UHODWHGHͿHFWVZHUH
observed on the nematode community. Our results, in line with previous studies concerning 
WKHPLFURELDOFRPPXQLW\LQGLFDWHWKHUHDUHQRREVHUYDEOHQRQWUDQVLHQWHͿHFWVUHODWHGWRWKLV










De bodem vervult talrijke functies die ons onder andere de mogelijkheid geven om voedsel te 
produceren en die ons toegang bieden tot schoon drinkwater. Deze functies zijn afhankelijk 
van de hoge diversiteit van organismen die in de bodem leven. Binnen de complexiteit van 
het bodemvoedselweb zijn nematoden, wormvormige dieren uit het fylum Nematoda, een 
informatieve groep voor het bepalen van de status van het bodemleven dankzij hun alomtegen-
ZRRUGLJKHLGWDOULMNKHLGHQWURÀVFKHGLYHUVLWHLW+RHZHOQHPDWRGHQQRJPHHUHLJHQVFKDSSHQ
bezitten die wenselijk zijn voor een biologische indicator voor bodemsystemen (bijvoorbeeld: 
gemakkelijke extractie uit grond, variatie in gevoeligheid voor verstoringen en ecologische 
LQWHUSUHWHHUEDDUKHLGYDQYHUDQGHULQJHQYHUHLVWKHWLGHQWLÀFHUHQYDQQHPDWRGHQPHWEHKXOS
van een microscoop een aanzienlijke hoeveelheid expertise en tijd. Dit laatste heeft alles te 
maken met de geconserveerde morfologie binnen dit fylum (i.e. ze lijken op elkaar). Om deze 
UHGHQNDQKHWJHEUXLNYDQHHQPROHFXODLUHPHWKRGHYRRUGHLGHQWLÀFDWLHHQNZDQWLÀFHULQJ
YDQQHPDWRGHQJHPHHQVFKDSSHQSUDNWLVFKHEHSHUNLQJHQRSKHͿHQHQKHWPRJHOLMNPDNHQRP
experimenten uit te voeren met intensievere monstername. Het doel van het onderzoek dat 
EHVFKUHYHQVWDDWLQGLWSURHIVFKULIWZDVRPGHJHVFKLNWKHLGYDQPROHFXODLUHWD[RQVSHFLÀHNH
assays, ontworpen op basis van een fylum-breed raamwerk bestaande uit 2.400 full-length 
VPDOOVXEXQLWULERVRPDO'1$VHTXHQWLHVYRRUKHWPRQLWRUHQYDQQHPDWRGHQJHPHHQVFKDS-
pen in veldexperimenten. De methode was toegepast om de impact op het bodemvoedselweb 
te bepalen van verschillende type verstoringen, namelijk agrarische toepassingen, invasieve 
SODQWHQVRRUWHQHQHͿHFWHQYDQJHQHWLVFKHJHPRGLÀFHHUGHJHZDVVHQDDUGDSSHO
In hoofdstuk 2 van dit proefschrift presenteer ik de achtergrond van de moleculaire methode 
en de resultaten van de eerste toepassing hiervan in veldcondities. Dit hoofdstuk demonstreert 




het experiment beschreven in hoofdstuk 3. Dit hoofdstuk betreft een studie naar de impact 
van een invasieve plantensoort genaamd Late guldenroede (Solidago gigantea, afkomstig uit 
1RRUG$PHULNDRS]RZHOGHSODQWHQJHPHHQVFKDSDOVRSYHUVFKLOOHQGHWURÀVFKHQLYHDXVYDQ
het bodemvoedselweb. Naast het monitoren van de nematodengemeenschap, werden pH en 
schimmelbiomassa gemeten in plots met en zonder invasie door Late guldenroede in twee ver-
schillende habitats. De resultaten lieten zien dat deze invasieve soort, naast het verdringen van 
inheemse plantensoorten, lokaal ook leidt tot een lagere pH en hogere schimmelbiomassa in de 
bodem van beide habitat types. Gebaseerd op de resultaten van de nematodengemeenschap, 
OLMNWKHWHͿHFWRSKHWERGHPYRHGVHOZHEVHOHFWLHIRPGDWGHWRHQDPHYDQVFKLPPHOELRPDVVD
enkel benut leek te worden door slechts een van de drie aanwezige fungivore nematode genera 
LQGH]HORFDWLHV'LWVXJJHUHHUWGDWLQYDVLHGRRU/DWHJXOGHQURHGHVOHFKWVHHQVSHFLÀHNJHGHHOWH
van de schimmelgemeenschap stimuleert. 
,QWHJHQVWHOOLQJWRWGHYRRUJDDQGHKRRIGVWXNNHQEHWUHͿHQKRRIGVWXNHQGHHͿHFWHQYDQ




methode, op de nematodengemeenschap werd bestudeerd. Biofumigatie wordt beschouwd 
als een alternatief voor het gebruik van synthetische fumigantia en betreft het incorporeren 
YDQÀMQJHKDNVHOGSODQWHQPDWHULDDODINRPVWLJYDQNRRODFKWLJHJHZDVVHQ%UDVVLFDFHDHLQGH
ERGHP%LMGLWSURFHVNRPHQVWRͿHQYULMLVRWKLRF\DQDWHQGLHHHQEUHHGWR[LVFKHͿHFWKHEEHQ
In dit experiment gepresenteerd in hoofdstuk 4 werd geen relatie gevonden tussen de 
KRHYHHOKHLGLVRWKLRF\DQDWHQRIGHXLWJDQJVVWRͿHQKLHUYDQHQGHJHREVHUYHHUGHHͿHFWHQYDQ
ELRIXPLJDWLHRSGHQHPDWRGHQJHPHHQVFKDS'H]HHͿHFWHQ]LMQZDDUVFKLMQOLMNJHUHODWHHUGDDQ
de intense mechanische verstoring en de toevoeging van grote hoeveelheden plantenbiomassa 
aan de bodem, in plaats van het vrijkomen van isothiocyanaten van het plantenmateriaal. 
In hoofdstuk 5 worden de resultaten gepresenteerd van een veldexperiment waarin gekeken 
LVQDDUGHRQGHUJURQGVHHͿHFWHQYDQHHQDDUGDSSHOUDVGDWJHQHWLVFKJHPRGLÀFHHUGLVRPHQNHO
zetmeel te produceren in de vorm van amylopectine (middels de blokkering van de synthese 
van amylose). In een veldexperiment werd de nematodengemeenschap gemonitord gedurende 




De resultaten gepresenteerd in deze dissertatie tonen aan dat de ontwikkelde moleculaire 
methode geschikt is voor het kwantitatief monitoren van nematodengemeenschappen in vel-
dexperimenten. Daarnaast toont dit onderzoek dat de toepassing van moleculair monitoren 
gebruikt kan worden voor het vergaren van nieuwe inzichten wat betreft de ecologie van ter-
UHVWULVFKHQHPDWRGHQHQ²LQKHWDOJHPHHQ²LQKHWHFRORJLVFKHIXQFWLRQHUHQYDQGHREVFXUH
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Genus Family qPCR analysis Range Field Forest 
Achromadora Achromadoridae   +  
Acrobeles Cephalobidae q r +  
Acrobeloides Cephalobidae q  + + 
Aglenchus Tylenchidae    + 
Alaimus Alaimidae q r + + 
Anaplectus Plectidae q r +  
Aphelenchoides Aphelenchoididae q r + + 
Aphelenchus Aphelenchidae q r +  
Aporcelaimellus Aporcelaimidae   +  
Bunonema Bunonematidae    + 
Cephalenchus Tylodorida    + 
Cephalobus Cephalobidae q  +  
Cervidellus Cephalobidae q r + + 
Clarkus Mononchidae q r +  
Coomansus Mononchidae q  +  
Coslenchus  Tylenchidae    + 
Cylindrolaimus Diplopeltidae   +  
Diphtherophora Diphtherophoridae q r +  
Ditylenchus Anguinidae   + + 
Eucephalobus Cephalobidae q r + + 
Eudorylaimus Qudsianematidae    + 
Eumonhystera Monhysteridae q r + + 
Filenchus Tylenchidae   + + 
Geomonhystera Monhysteridae   +  
Helicotylenchus Hoplolaimidae   +  
Malenchus Tylenchidae    + 
Meloidogyne Meloidogynidae   +  
Mesorhabditis Mesorhabditidae   +  
Metateratocephalus Metateratocephalidae q r + + 
Microdorylaimus Qudsianematidae   +  
Nygolaimus Nygolaimidae   +  
Panagrolaimus Panagrolaimidae   +  
Plectus Plectidae q r + + 
Pratylenchus Pratylenchidae   +  
Prismatolaimus Prismatolaimidae q r + + 
Pungentus Nordiidae   +  
Rhabditis Rhabditidae   + + 
Steinernema Steinernematidae    + 
Teratocephalus Teratocephalidae q r + + 
Thonus Dorylaimidae q r + + 
Tylencholaimus Tylencholaimidae   + + 
Tylenchorhynchus Belonolaimidae   +  
Tylenchus Tylenchidae   + + 
Tylolaimophorus Diphtherophoridae q r + + 
Wilsonema Plectidae q  + + 




















































































































Nematode family / genus Ct Relationship between Ct value and 
 log (#  target nematodes): 
#  genera* 
  Ct = a log10 [# nematodes] + b  
     a    b   R 2  
Alaimidae (B) N/A -3.31 25.47 0.996 1 
Aphelenchidae (F, FP) 42 -4.31 17.53 0.995 1 
Aphelenchoididae (F, FP ) 20 -3.06 24.09 0.992 1 
Cephalobidae (B) 17 -4.21 21.95 0.855 3 
Diphtherophoridae (F) :      
     Diphtherophora  18 -3.22 19.18 0.926  
    Tylolaimophorus  N/A -3.02 22.36 0.984  
Dorylaimidae (O) N/A -5.90 17.30 0.859 1 
Metateratocephalidae (B) 26 -5.09 24.40 0.954 2 
Monhysteridae (B) 23 -4.25 21.06 0.954 1 
Mononchidae (P) 18 -2.94 15.19 0.990 1 
Mylonchulidae (P) ** N/A -4.02 12.03 0.977 1 
Plectidae (B) :      
    Plectidae excl. Anaplectus 34 -1.93 26.82 0.989 1 
    Anaplectus  27 -3.33 21.03 0.949  
Prismatolaimidae (B) 13 -5.13 21.64 0.999 1 
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Points of departure: Glucosinolate contents of Brassica juncea plant material and 








































  B. juncea cultivar 
  Terrafit Terratop Terraplus ISCI-99 
Shoot GSL, total(mol g-1)  24.2 ± 7.3 16.9 ± 2.9  14.2 ± 2.7  24.8 ± 8.0  
         Sinigrin (mol g-1) 22.6 ± 7.2  15.2 ± 2.7 12.3 ± 2.7  22.9 ± 8.1  
         Indole GSLs (mol g-1)* 1.5 ± 0.1 a 1.7 ± 0.3 ab 1.8 ± 0.2 b 1.9 ± 0.3 ab 
 N (% dw)  1.5 ± 0.1  1.7 ± 0.4  1.3 ± 0.5  1.8 ± 0.4  
 C (% dw) 83.4 ± 2.0  84.3 ± 2.0  82.3 ± 1.3  82.2 ± 2.7  
 Biomass (Mg dw ha-1) 5.9 ± 2.0  6.9 ± 2.3  6.4 ± 2.3  8.8 ± 1.9  
      
Root GSL, total (mol g-1) 20.2 ± 9.8  16.5 ± 7.6  25.9 ± 15.8  33.2 ± 10.1  
       Sinigrin (mol g-1) 15.9 ± 9.5  10.9 ± 6.7 18.5 ± 14.0  27.2 ± 9.5  
       Indole GSLs (mol g-1) 4.3 ± 0.4  5.6 ± 1.3  7.5 ± 2.1  6.1 ± 0.8  
 N (% dw) 1.9 ± 1.1  1.7 ± 0.6  2.1 ± 1.1  2.2 ± 0.8  
 C (% dw) 76.6 ± 1.9  68.8 ± 8.1  75.3 ± 7.0  75.2 ± 5.8  
 Biomass (Mg dw ha-1) 0.9 ± 0.3  1.5 ± 0.6  1.0 ± 0.4  1.0 ± 0.1  
      


























































  B. juncea cv. T. aestivum cv. 
  g
-1 dry soil Terrafit Terratop Terraplus ISCI-99 Hermann 
Sinigrin**  nmol 55.8 ± 7.9a 52.5 ± 12.5a 54.5 ± 12.8a 91.4 ± 9.1b nd 
Indole GSLs nmol 5.3 ± 1.2 9.3 ± 1.6 8.9 ± 3.5 9.1 ± 3.2 nd 
C mol 189.6 ± 52.1 231.6 ± 73.6 208.2 ± 68.7 269.4 ± 56.7 nd 
N mol 2.9 ± 0.8 4.2 ± 1.9 3.1 ± 1.6 5.4 ± 2.1 nd 

































  Treatment P value
c 
 Trophic groupa Control Low High 
Nematode densitym  -27.2 ± 100.1 -185.3 ± 213.6 -107.9 ± 494.9 0.694 
Achromadoridaeq O -25.1 ± 87.8 -38.1 ± 75.5 -38.1 ± 75.5 0.938 
Anaplectusq B -2.6 ± 3.8 -2.7 ± 4.3 -3.2 ± 3.7 0.825 
Aphelenchidaeq F -11.4 ± 8.2 -9.4 ± 7.5 -12.3 ± 6.8 0.967 
Cephalobidaeq B -33.2 ± 89.0 -1.0 ± 122 -55.5 ± 148.2 0.735 
Dorylaimidae D1q O -27.5 ± 34.4 -27.4 ± 34.6 -27.3 ± 34.6 0.980 
Monhysteridaeq B -7.2 ± 32.4 -17 ± 19.4 -16.7 ± 19.4 0.944 
Mononchidae M3q O -9.5 ± 17.2 -0.9 ± 9.8 -5 ± 21.3 0.546 
Panagrolaimidaeq B -4.2 ± 3.0 -4.7 ± 3.9 -4.5 ± 5.1 0.938 
Plectidaeq,b B -82.0 ± 142.5 -80.7 ± 142.9 -82.4 ± 142.7 0.943 
Mesorhabditisq B -26.0 ± 23.2 -24.5 ± 20.5 -29.2 ± 22.6 0.837 
Tylenchorhynchusm PP -129.3 ± 156.8 -31.8 ± 287.8 -301.6 ± 300.9 0.437 





















































































































































































































































































































































































































































































































































































































































































































































 BUI VMD 
 July 12th Aug 15th % July 12th Aug 15th % 
Nematode density 2406 ± 380 1818 ± 453 100 2483 ± 391 2451 ± 586 100 
Achromadoridae 41.3 ± 101.1 348.1 ± 683.2 87.5 4.2 ± 9.8 40.6 ± 56.2 68.8 
Aphelenchidae 5.9 ± 4.3 2.8 ± 4.4 79.2 0.5 ± 0.7 0.9 ± 1.2 43.8 
Cephalobidae 441 ± 150.7 150.4 ± 146.9 100.0 143.4 ± 123.2 232.5 ± 140.5 100.0 
Monhysteridae 35.5 ± 50.4 33.9 ± 38.9 70.8 21.9 ± 17.8 68.6 ± 76.1 75.0 
Mononchidae M3 0.5 ± 1 0.5 ± 0.9 29.2 6.1 ± 5.2 7.3 ± 4.6 97.9 
Panagrolaimidae 0.8 ± 0.6 1.7 ± 2.8 75.0 0.8 ± 0.6 1.4 ± 2 62.5 
Plectidae* 44.5 ± 40.8 111.7 ± 192.6 95.8 76 ± 150.4 1594.4 ± 2091.1 100.0 





































































































































































































Approaches based on quantitative PCR (qPCR) and Terminal-Restriction Fragment 






































































































































































































































































































































































































































i Teratocephalidae Prismatolaimidae Plectidae Cephalobidae Anaplectus 
 B B B B B 
W
k 
‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ 
0 190±121 144±79 13±7 2245±1159 100±27 33±5 328±79 166±62 40±16 0±0 
2 15±12 12±12 12±7 733±74 27±11 2±2 248±100 4±0 8±5 0±0 
4 52±29 9±8 5±4 1031±302 55±31 3±1 232±35 39±35 37±11 0±0 
7 5±5 45±33 3±2 1833±1833 44±41 13±12 222±172 51±30 12±10 0±0 
9 35±30 13±6 11±6 2949±2598 55±54 0±0 139±49 93±82 49±22 0±0 
13 0±0 0±0 17±16 881±311 0±0 63±63 5±1 83±67 21±19 0±0 
15 0±0 0±0 128±98 494±375 0±0 0±0 889±610 6±5 261±141 0±0 
17 0±0 0±0 2±1 710±169 0±0 0±0 157±35 5±1 40±25 0±0 
19 36±13 1±0 4±2 1107±1107 41±22 0±0 62±33 10±8 22±22 0±0 
21 148±83 270±267 96±28 2735±601 645±412 86±85 306±148 2±2 935±730 0±0 
23 84±79 0±0 10±8 669±669 91±59 0±0 337±220 0±0 308±188 0±0 
25 145±50 652±340 13±5 3039±1907 294±98 18±14 338±162 5±3 69±23 0±0 
27 12±12 0±0 28±16 33±32 180±87 0±0 271±99 2±2 18±11 0±0 
29 76±76 404±209 20±7 4±4 354±157 10±6 189±85 14±2 154±120 0±0 
33 62±41 550±223 87±53 542±73 662±370 163±66 370±126 125±63 218±185 5±5 
35 978±459 568±204 130±76 2077±861 942±270 298±118 524±157 94±30 38±24 0±0 
37 552±459 115 12±8 845 506±263 96 279±122 34 42±16 0 
39 252±180 496±195 126±53 1217±1123 1714±870 68±31 1298±342 53±36 203±126 0±0 

ii Alaimidae Metateratocephalidae Monhysteridae Aphelenchoididae Aphelenchidae 
 B B B F/FP F/FP 
W
k 
‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ 
0 0±0 0±0 0±0 550±410 393±94 468±185 0±0 0±0 4±4 0±0 
2 24±23 0±0 0±0 0±0 156±36 52±28 0±0 0±0 4±3 0±0 
4 22±19 0±0 67±67 94±11 414±160 108±108 0±0 0±0 11±4 0±0 
7 0±0 0±0 0±0 591±591 133±125 112±37 0±0 0±0 2±2 0±0 
9 0±0 0±0 0±0 1121 436±125 2900±2677 0±0 0±0 0±0 0±0 
13 0±0 0±0 32±32 115±83 51±49 0±0 0±0 0±0 0±0 0±0 
15 0±0 0±0 0±0 8±8 2139±1736 60±40 0±0 0±0 18±18 0±0 
17 0±0 0±0 226±226 423±26 32±14 218±218 13±13 0±0 0±0 0±0 
19 0±0 0±0 0±0 587±384 62±41 289±99 0±0 0±0 4±4 0±0 
21 53±17 38±38 7±7 322±321 724±400 1196±172 0±0 0±0 70±25 0±0 
23 35±24 0±0 0±0 3±3 279±88 409±409 0±0 0±0 30±4 0±0 
25 27±9 0±0 47±47 82±69 221±64 459±169 2±2 0±0 36±10 0±0 
27 106±52 0±0 30±30 1±1 18±11 0±0 2±2 0±0 45±16 0±0 
29 27±13 0±0 68±68 182±85 69±12 0±0 2±1 0±0 39±23 0±0 
33 83±60 50±29 295±295 145±78 174±162 164±59 35±35 14±9 45±13 0±0 
35 92±45 23±23 0±0 134±56 114±38 580±521 90±41 1±1 71±26 0±0 
37 219±103 0 0±0 22 362±128 384 3±2 0 29±8 0 
39 316±166 9±7 267±166 189±35 1114±445 128±128 35±19 8±6 55±15 1±1 

iii Tylolaimophorus Diphtherophora Dorylaimidae  Mononchidae Mylonchulidae 
 F F O P P 
Wk ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ ‘Field’ ‘Forest’ 
0 8±8 101±87 1±1 0±0 1±1 6±5 0±0 0±0 0±0 0±0 
2 81±78 82±82 1±1 0±0 6±6 0±0 0±0 0±0 0±0 0±0 
4 8±7 19±18 1±0 0±0 3±2 8±8 0±0 0±0 0±0 0±0 
7 0±0 5±2 9±6 0±0 0±0 6±6 16±12 0±0 0±0 0±0 
9 40±40 12±6 26±15 0±0 0±0 4±3 9±7 2±2 2±1 4±4 
13 0±0 721±669 0±0 0±0 0±0 0±0 4±2 0±0 1±1 1±1 
15 189±189 250±7 8±6 0±0 0±0 0±0 3±3 0±0 1±1 0±0 
17 0±0 590±554 6±6 0±0 10±10 0±0 17±12 0±0 1±0 9±3 
19 3±3 119±87 2±2 0±0 108±85 0±0 2±1 0±0 0±0 1±1 
21 4±4 157±149 36±21 0±0 349±141 182±182 22±14 0±0 0±0 0±0 
23 22±21 21±2 19±5 0±0 43±43 5±5 43±37 3±3 0±0 0±0 
25 0±0 114±13 43±30 0±0 74±74 37±28 48±44 0±0 3±3 0±0 
27 15±11 8±8 36±21 0±0 8±8 60±60 1±1 0±0 0±0 0±0 
29 261±150 1007±598 23±13 0±0 71±71 48±2 5±3 4±4 0±0 0±0 
33 16±9 74±16 11±5 0±0 28±28 66±39 8±8 2±2 0±0 0±0 
35 22±15 11±3 30±13 0±0 379±41 396±107 5±1 5±3 0±0 0±0 
37 5±3 70 29±20 0 93±57 83 8±8 3 0±0 0 






 No. Site Soil type Coordinates Year of introduction 
Semi-natural grassland 
sites 1 Planken Wambuis 
Pleistocene 
sandy soil 
520 01’ 45.64” N 50 47’ 
53.50” E 1982 
  2 Reinaerde Den Dolder Pleistocene sandy soil 
520 08’ 59.53” N 50 14’ 
35.14” E 2000 
  3 Plantage Willem III Pleistocene sandy soil 
510 58’ 48.62” N 50 31’ 
08.47” E 1995 
  4 Hollandseweg Wageningen 
Pleistocene 
sandy soil 
510 58’ 49.89” N 50 40’ 
59.84” E before 2005 
  5 Reijerscamp Pleistocene sandy soil 
520 00’ 47.49” N 5046 
’08.64” E 2006 
Riparian vegetation 
sites 6 Duffeltdijk (Walloon) Riverclay 
510 51’ 58.11” N 60 00’ 
35.47” E  ~ 1950 
  7 Center of Millingerwaard (Walloon) Riverclay 
510 52’ 26.39” N 60 00’ 
31.46” E  ~ 1950 
  8 Ewijkse plaat (Walloon) Riverclay 51
0 52’ 47.36” N 50 44’ 
52.17” E  ~ 1950 
  9 Blauwe kamer West (Rhine) Riverclay 
510 56’ 40.22” N 50 36’ 
19.90” E after 1950 
  10 Blauwe kamer East (Rhine) 
Riverclay and 
sand 
510 56’ 32.56” N 50 37’ 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Genus Family Trophic  qPCR  Range Riparian Grassland 
Achromadora Achromadoridae U   + + 
Acrobeles Cephalobidae B q r + + 
Acrobeloides Cephalobidae B q   + + 
Aglenchus Tylenchidae PP   + + 
Alaimus Alaimidae B q r + + 
Amphidelus Alaimidae B q   + + 
Amplimerlinius Dolichodoridae PP    + 
Anaplectus Plectidae B q r + + 
Anatonchus Anatonchidae P    + 
Aphelenchoides Aphelenchoididae F q r + + 
Aphelenchus Aphelenchidae F q r + + 
Aporcelaimellus Aporcelaimidae P, O q r + + 
Basiria Tylenchidae PP   + + 
Bastiania Bastianiidae B   + + 
Boleodorus Tylenchidae PP or F   + + 
Cephalobus Cephalobidae B q   + + 
Cervidellus Cephalobidae B q r + + 
Chiloplacus Cephalobidae B q r + + 
Clarkus Mononchidae P q r + + 
Coomansus Mononchidae P q   +  
Coslenchus Tylenchidae PP   + + 
Criconematidae (Other 
genera) Criconematidae PP   + + 
Criconemoides Criconematidae PP    + 
Cylindrolaimus Diplopeltidae B   + + 
Diphtherophora Diphtherophoridae F q r + + 
Ditylenchus Anguinidae F or PP   + + 
Dorylaimoides Mydonomidae O    + 
Dorylaimus Dorylaimidae O    + 
Drilocephalobus Osstellidae B   + + 
Epidorylaimus Qudsianematidae O q r  + 
Eucephalobus Cephalobidae B q r + + 
Eudorylaimus Qudsianematidae P, O q   + + 
Eumonhystera Monhysteridae B, S   + + 
Euteratocephalus Metateratocephalidae B   + + 
Filenchus Tylenchidae PP   + + 
Geomonhystera Monhysteridae B, S   +  
Globodera/Heterodera Heteroderidae PP    + 
Helicotylenchus Hoplolaimidae PP   + + 
Hemicycliophora Hemicycliophoridae PP   + + 
Heterocephalobus Cephalobidae B q r + + 
Laimydorus Dorylaimidae O    + 
Lelenchus Tylenchidae PP   +  
Leptonchus Leptonchidae F    + 
Longidorella  Nordiidae PP    + 
Longidorus Longidoridae PP   + + 
Malenchus Tylenchidae PP    + 
Meloidogyne Meloidogynidae PP   + + 
Merlinius Dolichodoridae PP   + + 
Mesocriconema Criconematidae PP    + 
Mesodorylaimus Dorylaimidae O   + + 
Mesorhabditis Mesorhabditidae B   + + 
Metateratocephalus Metateratocephalidae B   + + 
Microdorylaimus Qudsianematidae O   + + 
Mononchus Mononchidae P    + 
Mylonchulus Mylonchulidae P   + + 
Nagelus Belonolaimidae PP    + 
Nygolaimus Nygolaimidae P   + + 
Oxydirus Belondiridae PP, O    + 
Panagrolaimus Panagrolaimidae B q r + + 
Paramphidelus Alaimidae B q r +  
Pararotylenchus Hoplolaimidae PP   + + 
Paratrichodorus Trichodoridae PP   +  
Paratylenchus Paratylenchidae PP   + + 
Paraxonchium Aporcelaimidae P, O   +  
Plectus Plectidae B q r + + 
Pratylenchus Pratylenchidae PP   + + 
Prionchulus Mononchidae P q r +  




Genus Family Trophic  qPCR  Range Riparian Grassland 
Pro/Mesodorylaimus Dorylaimidae O   + + 
Pseudhalenchus Anguinidae F    + 
Psilenchus Tylenchidae PP   + + 
Pungentus Nordiidae PP, P, O   +  
Rhabditis Rhabditidae B   + + 
Rhabditophanes Alloionematidae B   + + 
Rhabdolaimus Rhabdolaimidae B   +  
Rotylenchulus Rotylenchulidae PP    + 
Rotylenchus Hoplolaimidae PP   + + 
Scutylenchus Telotylenchidae PP   + + 
Sectonema Aporcelaimidae P/O    + 
Seinura Seinuridae P   + + 
Steinernema Steinernematidae E   + + 
Teratocephalus Teratocephalidae B   +  
Theristus Xyalidae B, S or U   +  
Thonus Qudsianematidae P/O q   + + 
Trichodorus Trichodoridae PP   + + 
Tylencholaimellus Tylencholaimellidae F   + + 
Tylencholaimus Tylencholaimidae F   + + 
Tylenchorhynchus Belonolaimidae PP   + + 
Tylenchus Tylenchidae PP/F    + 
Tylocephalus Plectidae B q r + + 
Tylolaimophorus Diphtherophoridae F   +  
Wilsonema Plectidae B q r +  
       








Family Genus Trophic groupa qPCR/Microscope Range 
Achromadoridae Achromadora O q r 
Alaimidae Alaimus B q r 
Aphelenchidae Aphelenchus F q r 
Aphelenchoididae Aphelenchoides F q r 
Aporcelaimidae Aporcelaimellus* C   
Cephalobidae Acrobeles B q r 
Cephalobidae Acrobeloides B q  
Cephalobidae Cephalobus* B q  
Cephalobidae Eucephalobus B q r 
Cephalobidae Heterocephalobus* B q r 
Diplogastridae Diplogaster* B   
Discolaimidae Discolaimus C   
Dorylaimidae D1 Mesodorylaimus O q r 
Dorylaimidae D1 Ecumenicus O q r 
Dorylaimidae D3 Thonus O q r 
Mesorhabditidae Mesorhabditis B q r 
Monhysteridae Eumonhystera B q r 
Mononchidae M3 Clarkus C q  
Mylonchulidae Mylonchulus C q r 
Neodiplogastridae Pristionchus B   
Panagrolaimidae Panagrolaimus B q r 
Plectidae Anaplectus B q r 
Plectidae Plectus B q r 
Rhabditidae Cruznema B q r 
Rhabditidae Rhabditidae (s.l.)‡ B   
Belonolaimidae Tylenchorhynchus PP1 m  
Heteroderidae Heterodera PP4 m  
Meloidogynidae Meloidogyne* PP4 m  
Pratylenchidae Pratylenchus  PP3 m  
Trichodoridae Trichodorus PP1 m  
Tylenchidae Basiria PP2   
Tylenchidae Coslenchus PP2   














Familya Genus Trophic groupb qPCR Range 
Achromadoridae Achromadora O q r 
Anatonchidae Anatonchus C q r 
Anguinidae Ditylenchus PP   
Aphelenchidae Aphelenchus F q r 
Aphelenchoididae Aphelenchoides F q r 
Belonolaimidae Tylenchorhynchus PP   
Cephalobidae Acrobeles B q r 
Cephalobidae Acrobeloides B q  
Cephalobidae Chiloplacus B q r 
Cephalobidae Eucephalobus B q r 
Dorylaimidae D3 Thonus O q  
Hoplolaimidae Helicotylenchus PP   
Metateratocephalidae Metateratocephalus B q r 
Monhysteridae Eumonhystera B q r 
Monhysteridae Monhystera B q r 
Mononchidae M3 Prionchulus C q r 
Mylonchulidae Mylonchulus C q r 
Panagrolaimidae Panagrolaimus B q r 
Paratylenchidae Paratylenchus PP   
Plectidae Plectus B q r 
Plectidae Wilsonema B q r 
Pratylenchidae Pratylenchus PP   
Prismatolaimidae Prismatolaimus B q r 
Rhabditidae Rhabditis B   
Tylenchidae Filenchus PP   
Tylenchidae Psilenchus PP   
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With the educational activities listed below the PhD candidate has complied 
with the educational requirements set by the C.T. de Wit Graduate School 
for Production Ecology and Resource Conservation (PE&RC) which comprises 
of a minimum total of 32 ECTS (= 22 weeks of activities)  
 
 
Review of literature (5.6 ECTS) 
- Glucosinolate profiles in different Brassica species (2008) 
- Nematode community shifts (2008) 
- GM crop risk assessment studies for soil ecosystems (2010) 
 
Post-graduate courses (3 ECTS) 
- Soil ecology: linking theory to practice: PE&RC (2010) 
- Sampling in space and time for survey and monitoring of natural resources: PE&RC (2012) 
- Introduction to R for statistical analysis: PE&RC (2012) 
 
Laboratory training and working visits (4.5 ECTS) 
- Barcode-based monitoring of nematode communities; BLGG (2008, 2009) 
- Field experiment; Julius Kühn Institut, Münster (2010) 
- Statistical data analysis; RIVM (2009-2012) 
- Sample analysis; NIOO (2011) 
- Nematode behavioural models; AMOLF (2012)  
 
Invited review of (unpublished) journal manuscript (1 ECTS) 
- Plant and Soil: hyperaccumlators and their associated nematodes (2012) 
 
Deficiency, refresh, brush-up courses (3 ECTS) 
- Nematodes in environmental studies/identification course (2009) 
- Food web ecology; lectures 
 
Competence strengthening / skills courses (4.5 ECTS) 
- PhD competence assessment: PE&RC (2009) 
- Afstudeervak organiseren en begeleiden; DO, WUR (2009) 
- Career perspectives ; WGS, WUR (2011) 
- Coaching of ACT groups; DO, WUR (2013) 
 
PE&RC Annual meetings, seminars and the PE&RC weekend (2.1 ECTS) 
- PE&RC Weekend (2008) 
- PE&RC Day: expect the unexpected (2008) 
- PE&RC Day: intelligent nature (2009) 
- PE&RC Day: selling science (2010) 
- PE&RC Day: innovation for sustainability (2011) 
 
Discussion groups / local seminars / other scientific meetings (5 ECTS) 
- Current themes in ecology: Plants-Insects-Microbes: an ecological dance for three (2008) 
- Discussion group meetings: Experimental Evolution; Ecogenomics; Plant-Soil interactions (2008-2012) 
- EPOS Meeting, interactions between plants and biotic agents; with presentation (2009) 
- National Ecogenomics Day; with presentation (2009, 2010) 
- Presentation at the Julius Kühn Institut Münster (2009, 2012)  
- NOW ERGO Meetings; with presentation (2009, 2010, 2012) 
- Congres Biodiversiteit: kansen voor een nieuwe economie (2010) 
- Presentation at the RIVM, LER meeting (2010) 
 
International symposia, workshops and conferences (5.1 ECTS) 
- Society of Nematologists annual meeting; Portland, Oregon (2011) 
- Nematodes as bio indicators; presentation: impact of four Indian mustard cultivars with distinct glucosinolate 
levels on free living and plant parasitic nematodes (2012) 
 
Lecturing / supervision of practical’s/ tutorials (3 ECTS) 
- Introduction environmental studies (2008- 2011) 
- Biology and management of plant pathogens insects and weeds I (2009) 
- Food web ecology (2009) 
- Nematology (2010) 
- Ecological aspects of biological interactions (2010, 2011) 
 
Supervision of a MSc student (3 ECTS) 
- Belowground impact of invasive plant species Solidago gigantea 
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